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ABSTRACT 
Nuclear Physics has been an important subject due to its impact on the 
related fields of investigation. Becquerel's discovery of penetrating 
radiation led to contemplate the nature of the nucleus [1]. In 1897, British 
physicist J. J. Thomson conjectured that electrons are embedded in a 
spherical matrix of positive charge [2]. The experiments [3] of Rutherford 
and his co-workers indicated that all the positive charge and almost total 
mass of the atom is concentrated in a very small and tiny central part of the 
atom called the nucleus. The experiments of Rutherford, Cock-Croft &. 
Walton, Curie & Juliet and Fermi on the nuclear transmutation developed 
new ideas to solve basic problems regarding the nuclear structure, nuclear 
properties, nuclear forces, energy states of nuclei, transition probabilities 
etc., and considerably motivated the nuclear reaction studies [4, 5]. The 
study of nuclear reactions has been used as a tool to understand the 
properties of nuclei and to investigate the nature of nuclear interactions, 
decay characteristics of excited nuclei etc. 
In nuclear reactions the identity of nuclides may be changed by altering the 
structure of atomic nucleus. In principle, the incident particle must 
approach the range of nuclear forces of the target nucleus for a nuclear 
reaction to occur. Once the nucleons of the incident nucleus are within the 
range of nucleons of the target nucleus, the strongly attractive nuclear 
forces become effective, merging the incident particle with the target 
nucleus. In a nuclear reaction, all the properties of the interacting partners 
of the system are known, before and after the reaction has taken place. 
However, what exactly happens during the nuclear reaction is still not well 
understood. It is mainly because the time scales involved are very short 
(i.e., =10-22 Q^ lo'fi sec.) in the occurrence of a reaction. Since, the exact 
process of a nuclear reaction is not known, therefore, simplified theories 
and models are developed for explaining the mechanism of the reaction. In 
order to explain the nuclear reaction mechanism, Bohr [6] proposed the 
compound nucleus (CN) reaction model. According to this model, a 
nuclear reaction takes place in two distinct stages. The first stage is the 
formation of the compound nucleus and the second stage is its decay. Both 
these steps are assumed to be independent of each other. In the first stage, 
when a projectile (E>Bfus) interacts with the target nucleus, it is captured by 
the target nucleus, the total kinetic energy and angular momentum of the 
projectile are shared statistically among all the nucleons of the composite 
system leading to the establishment of thermodynamic equilibrium. Once 
the equilibrium is established, the CN forgets its history of formation and 
may then decay. However, in the second stage, after a long time (~ 10'^ 
sec), somehow sufficient amount of energy, more than the separation 
energy, may get accumulated on a nucleon or on a group of nucleons 
which may be emitted from the CN, leaving behind a residual nucleus. As a 
matter of fact, the lapse time between the formation of composite system 
and its decay is too large, and hence, no trace is left to decide its mode of 
formation [6]. Another approach to describe the nuclear reaction is the 
direct reaction mechanism. The time scales involved in the direct reactions 
is = 1 0 " sec. In direct reactions, only a few degrees of freedom are excited. 
Such reactions are likely to occur at considerably higher energies. In the CN 
reaction mechanism it is assumed that the emission of light nuclear 
particle(s)/cluster(s) takes place, after the establishment of thermodynamic 
equilibrium and the state of compound nucleus is achieved by a series of 
two body residual interactions between the nucleons of the composite 
system. However, both the intuition and the results of a large number of 
experiments indicate that the emission of nuclear particle(s) may also take 
place even before the establishment of thermodynamic equilibrium of the 
composite system [7] and the process is referred to as PE-emission and the 
mechanism is referred to as pre-compound reaction mechanism [8]. With 
the availability of modern accelerators, it has now become possible to 
accelerate heavy-ions (HI) at energies from a few MeV/nucleon to many 
GeV/nudeon, and has opened an entirely new field of research which is 
not possible using the light ion beams. 
Heavy ion (HI) collisions are said to occur when two nuclei interact with 
each other within the range of nuclear forces. With the availability of 
particle accelerators it has become possible to accelerate nuclei to energies 
where they can overcome the Coulomb repulsion and the nuclear reaction 
occurs. During the last few decades or so major research work in 
experimental nuclear physics involved the use of protons, deuterons and 
alpha particles. These studies explained several important aspects of the 
nuclei and nuclear reactions. In general, when two heavy ions are brought 
in contact, a variety of phenomena may take place. By appropriately 
selecting the target and the projectile nuclei it may be possible to excite 
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different degrees of freedom. Collisions which bring the two nuclei into 
rather intimate contact may lead to a combined nuclear system which is 
excited to a state of relatively high angular momentum. Collisions between 
His have been studied for a range of target-projectile combinations but 
detailed interpretation of reaction dynamics is still lacking. The experience 
gathered from these experiments leads to a consistent picture when the 
reactions are classified into categories, such as grazing collisions, deep 
inelastic collisions, fusion processes etc. 
The study of Hl-induced reactions is quite complex due to the involvement 
of a large number of nucleons. Further, the interacting partners have large 
Coulomb barrier (Bfus). The study of reactions involving His tend to differ 
from the light ion induced reactions in many ways. The de-Broglie 
wavelength associated with relative motion of the interacting heavy-ions is 
much shorter than that for light ions. Since, the associated de-Broglie 
wavelength (X) of the His is very small, therefore, the Hl-induced reactions 
can be described using semi-classical approach. The His consist of larger 
mass in comparison to the light ions and their angular momentum with 
respect to the centre of mass is very large. An important feature of HI 
reactions is, (since, a HI is a multi-nucleon system), that a variety of 
reactions may occur even at energies near and well above the Bfus. 
Therefore, the HI induced reactions provide a possibility of producing and 
studying the nuclei with high excitation energy and spin. The HI reactions 
can be described in terms of the distance of closest approach r^ in [9]. 
In case of complete fusion (CF) reactions, the incident nucleus completely 
fuses with the target nucleus. Further, for the fusion to occur the projectile 
and target nuclei should have mass and the input angular momentum of 
the entrance channel which should be sustainable by the composite nuclear 
system. In the CF process, the attractive nuclear potential overcomes the 
sum of repulsive Coulomb and centrifugal potentials during the projectile-
target interaction. This implies large transmission probability, even for 
higher partial waves {Intend- As a result, the target nucleus hugs the 
projectile with all nudeonic degrees of freedom essentially at projectile 
energies comparable to the Bfu, or well above it. The CF reactions are said 
to occur probably at zero/small values of impact parameters and for the 
input angular momenta range 0^1^ Cent, where the probability of CF is 
considered to be maximum. Further, in case of CF processes, the total 
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linear momentum of the projectile is transferred to the composite system 
and hence the nuclei recoil forward and may traverse a relatively large 
range in a given stopping medium. In case of CF, the mass of the composite 
system is nearly equal to the sum of the masses of interacting partners i.e., 
projectile and the target nucleus. In this case, the kinetic energy of 
projectile is converted into the excitation energy of the CN and distributed 
statistically among all accessible internal degrees of freedom until the 
memory of its mode of formation is lost. At a later stage, the CN thus 
formed, de-excites by the evaporation of light nuclear particle(s) alongwith 
characteristic y-t^adiations. As a result, a definite amount of excitation 
energy is reduced by the evaporation of every particle from the 
equilibrated system. Further, at higher t-values {I > laid or at relatively 
higher values of impact parameters, minimum mass overlap betv\/een 
projectile and target nuclei takes place. This is obvious, when a grazing 
collision involves only the tails of nuclear matter, where fusion 
incompleteness may take place, where an in-completely fused composite 
system is formed as a result of partial linear momentum transfer (LMT) 
from the projectile to the target nucleus. Such in-complete fusion (ICF) 
reactions may be described in terms of the projectile energies and the 
impact parameter. Under the influence of centrifugal force field, the driving 
angular momenta exceed Its critical limit (ta,t) for CF. As such, the attractive 
nuclear potential is not strong enough to capture the entire projectile. 
Eventually, an in-completely fused composite system (a part of projectile -l-
target nucleus) appears with less charge and mass as compared to that of 
CF population. It may, however, be pointed out that in case of ICF, most 
of the time either a-particle or cluster of a-particles (i.e., ^Be or ^^ C) 
depending on the incident ion, escape as unfused spectator. Nonetheless, 
the viscous forces between interacting partners also play an important role 
in the occurrence of fusion and fusion-like (ICF) processes [10]. It has been 
experimentally observed that there is no sharp boundary of input angular 
momentum for CF and ICF to occur. Both the processes are found to 
contribute significantly below and above their input angular momentum 
limits. Some of the prominent features of ICF reactions, which have 
emerged from qualitative observation of recent experimental results are; 
• the ICF processes mainly take place for the I > {„» for CF, meaning 
thereby the lower (-values don't contribute to ICF [11], 
the fused system is formed with less charge and mass as compared to the 
total charge and mass of interacting partners [12], 
the contribution of iCF increases with projectile energy, 
the forward recoil velocity of the reaction products, formed via ICF, has 
been observed to be less than those populated via CF, due to partial 
linear momentum transfer [13], 
the ICF has been observed to be more prominent for relatively more 
mass asymmetric systems as compared to the mass symmetric systems [14-
16] etc. 
For many years, the study of HI induced reactions has been used to 
understand the reaction dynamics at energies near and above the Coulomb 
barrier (CB) [12, 17-19]. One of the main reasons has been to understand 
the ICF processes at energies =4-7 MeV/nucleon, where only complete 
fusion (CF) is expected to be dominant. It is now experimentally 
established that complete fusion (CF) and in-complete fusion (ICF) are the 
dominant modes of reaction processes at these energies [20-25]. The 
evidence of ICF reaction dynamics was observed from experiments [26, 27] 
on different projectile-target combinations at energies from ~ 7-10 
MeV/nucleon. The results of these experiments suggested that the main 
process involved in the production of fast-a-particles is the projectile break-
up, in the nuclear field of target nucleus, in a hard grazing interaction. It 
has also been observed [28] that ICF processes compete with CF at the 
bombarding energies above 7 MeV/nucleon. Further, ICF becomes more 
and more dominant as the projectile energy increases [29-34]. The different 
modes of reactions may also be understood on the basis of driving input 
angular momenta imparted into the system. The CF occurs for the input 
angular momenta values <£crit, as per the sharp cutoff approximation. 
However, at relatively higher projectile energies and/or at larger impact 
parameters, ICF starts competing with the CF. It may, further, be pointed 
out that the multitude of driving input angular momenta may vary with 
the projectile energy and/or with the impact parameter. However, there is 
no sharp boundary for the CF and ICF processes; both the processes have 
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been observed below and/or above the limiting value of input angular 
momenta [35]. 
in order to explain the ICF reaction dynamics a variety of dynamical 
models/theories, like the Breal<-up Fusion (BUF) model [36], the SUMRULE 
model [37], the Promptly Emitted Particles (PEPs) model [38], the 
EXCITON model [7], the Hot Spot model [39], the Multistep Direct 
Reaction theory [40], the Overlap model [41-43] etc., have been proposed. 
In the SUMRULE model of Wilczynski et. al., [37], the in-complete fusion 
processes are considered to be mainly originated from peripheral 
interactions and are localized in the angular momentum space above the 
critical angular momentum (fcrit) for the CF. The peripheral nature of ICF 
reaction dynamics has also been emphasized by Trautmann et. al., [44], 
and Inamura et. al., [45, 46]. The BUF-model of Udagawa and Tamura 
[36], employs the Distorted Wave Born Approximation (DWBA) formalism 
for elastic breakup, where the projectile is assumed to break-up into its 
constituent a-clusters (e.g., '^O may break-up into ^^ C -I- a and/or ^Be -i- ^Be) 
as it approaches the nuclear field of target nucleus. One of the fragments of 
the projectile is assumed to fuse with target nucleus to form an in-
completely fused composite (IFC) system which continues to move in the 
forward cone with almost projectile velocity. Moreover, the leading-
particle model of Natowitz et. al., [47], Fermi-jet model [48, 49], and 
Moving-Source model [50] have also been proposed and seem to explain 
some of the experimental data related to ICF at relatively higher projectile 
energies. Apart from the above mentioned dynamical models, Morgenstern 
et. al., [16, 51] investigated the mass asymmetry dependence of the ICF 
contribution. It may, however, be pointed out that these models may 
predict the magnitude of ICF contribution, to some extent, at energies ^10 
MeV/nucleon, but none of these models/theories is able to successfully 
explain the ICF data at energies of ~A-1 MeV/nucleon. Even though, there 
are several models, a clear picture of the mechanism of ICF is yet to 
emerge, particularly at energies, below 7 MeV/nucleon, where the 
systematic studies are lacking. As such, in order to have better 
understanding of CF and ICF reaction dynamics, it is required to further 
investigate these processes. 
In the present work, in order to explore some of the important issues 
related to the ICF reaction dynamics at energies near and just above the 
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Coulomb barrier (i.e., »4-7 MeV/nucleon), the information of considerable 
value has been obtained from the measurements of (i) excitation functions 
(EFs) [25, 33, 52], as an indication of ICF reaction dynamics wherein the 
relative contributions of CF and ICF processes have been deduced, (ii) 
forward recoil range distributions (RRDs) [53], as a proof of fractional 
linear momentum transfer in which significant fusion incompleteness, 
associated with fractional degree of linear momentum transfer (LMT) in ICF 
processes has been observed. In the complementary experiment on the 
angular distribution information regarding ICF has also been obtained. The 
experiments for these measurements have been performed at the Inter-
University Accelerator Center (lUAC), New Delhi, India. In the first set of 
experiments, the measurements have been carried out to understand the 
influence of incomplete fusion on complete fusion at energies near and 
above the Coulomb barrier. For the excitation function measurements, 
i6o+'8iTa, '6O-i-i03Rh and '^O+^Al systems have been studied. A list of 
reactions for which EFs have been measured is given below; 
8Ta(0, 3n)'54Tls, 
«'Ta(0,4n)i53TI'^, 
8'Ta(0. p3n)'53Hg8, 
«Ta(0, p5n)i5'Hg8, 
8Ta(0, a2n)'9'Au8, 
°mh(0, p3n)"5Te'", 
°3Rh(0, 2an)"°ln"^, 
«'Ta(0, 3n)'54Th, '«'Ta(0, 4ny'''TK 
8Ta(0,5n)i52T|g^ '8i ja(0, Sn)'^^!^, 
8'Ta(0, p3n)'53Hg^ 'sijafO, p4n)'52Hg, 
8'Ta(0, p5n)'5'Hg'^, '8i ja(0, an)i52Au«, 
8Ta(0, a3n)'90Au8, '°mh(0, p3n)"=Tes, 
°3Rh(0, p4n)"4Te, '°3Rh(0, 2an)"°lng, 
°3Rh(0,2a3n)'°8|n8, '°3Rh(0,2a3n)'°8in"^, 
°3Rh(0, 3a4n)'°3Ag8, 2^^1(0, 2an)34Cl, 27^1(0, 3a3p)28Mg, 
"A1(0, 3a3pn)27Mg, " A l ( 0 , 4a2pn)24Na and 27A1(0, 4a3p)24Ne. 
Experimental data on EFs have been compared with the predictions of the 
statistical model code PACE4. Sizable enhancement in the experimentally 
measured production cross-sections has been observed in case of a-emitting 
channels over the theoretical predictions, which has been attributed to be 
coming from in-complete fusion of projectile at these energies. Analysis of 
experimental data indicates that in-complete fusion is in competition with 
the complete fusion, and is observed to be a dominant mode of reaction at 
higher energies. As such, an attempt has been made to estimate the fraction 
of in-complete fusion FICF in reactions for '^O + '«Ta and '^O + '^ ^Rh 
systems. The F.CF has been found to be sensitive to the projectile energy and 
mass asymmetry of interacting partners. A detailed discussion of these 
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measurements is presented [25, 33, 52]. Further, in order to confirm the 
findings of the measurements and analysis of EFs presented and also to 
investigate the fusion in-completeness due to fractional linear momentum 
transfer from the projectile to the target nucleus, most probable forward 
recoil ranges for the reactions viz., '8'Ta(0, Sny^^Tl '8173(0, 4ny^ni 
'8'Ta(0.5n)'92Ti^ i8'Ta(0,p3n)i53Hg8, '8iTa(0,p3n)'53Hg-, i8Ta(0,p4n)'52Hg, 
i8'Ta(0,p5n)'5iHgs, '8Ta(0,p5n)'5'Hg^ '8'Ta(0,an)i92Au8, '8Ta(0,a2n)'9'Au8, 
'8Ta(O,a3n)'50Au8 and '8iTa(0,2a3n)'8qr8, produced via CF and/or ICF in 
\6Q + laija system have been measured [53] at three different projectile 
energies i.e., =81, 90 and 96 MeV, respectively, in the present work, the 
analysis of forward recoil ranges for different radio-nuclides have been 
performed within the framework of degree of linear momentum transfer 
from the projectile to the target nucleus by adopting break-up fusion model 
considerations. Different full and fractional linear momentum transfer 
components corresponding to the fusion of '^O and/or '^ C and ^Be from 
the projectile to the target nucleus have been observed. An attempt has 
been made to separate out the relative percentage contributions of CF and 
ICF processes. Further, with a view to get complementary information on 
ICF reactions, an attempt has been made to measure the angular 
distribution of residues produced in '^O + "A I system at incident beam 
energy =85 MeV. To the best of our knowledge most of the presently 
measured EFs, RRDs and ADs are being reported for the first time. 
The thesis is organized in the five Chapters. The Chapter-1 introduces the 
field of nuclear reactions in general, and heavy ion physics in particular. 
Some relevant terminology and a brief summary of the literature is also 
given in this Chapter. Chapter II, focuses on the experimental procedure 
adopted to carry out different experiments at the Inter University 
Accelerator Centre, New Delhi, India. In Chapter III, various theoretical 
models that may be used to analyze the experimental results are discussed, 
while in Chapter IV details of measurements are presented. In Chapter V, 
the details of the data analysis in the form of results and discussion are 
presented followed by the summary and the conclusions drawn from the 
present work. The references are given at the end of each Chapter. 
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Chapter I 
INTRODUCTION 
1.1 OVERVIEW 
Nuclear Physics is not only an important subject in its own right, but is 
significant also for its impact on the related fields of investigation. By the 
early 20"^ century, there was rather compelling evidence that matter is 
composed of atoms. This provided a consistent and unified picture for 
almost all known physical and chemical processes at that time. In 1896, 
A.H. Becquerel discovered penetrating radiation and led to contemplate 
the nature of the nucleus [1]. In 1897, British physicist J. J. Thomson 
contemplated that in an atom electrons are embedded in a spherical matrix 
of positive charge [2]. An important breakthrough came in 1911, when 
Ernest Rutherford and his coworkers conducted an experiment [3] which 
indicated that all the positive charge and almost total mass of the atom is 
concentrated in a very small and tiny central part of the atom, the nucleus. 
The electrons are assumed to revolve around the nucleus in nearly circular 
orbits and make the atom electrically neutral. The results of Rutherford's 
experiment were astounding. Later in 1919, the first artificial radioactivity 
[4] was produced. Further, the experiments of Rutherford, Cock-Croft &. 
Walton, Curie & Juliet and of Fermi on the nuclear transmutation 
developed new ideas to solve basic problems regarding the nuclear 
structure, nuclear properties, nuclear forces, energy states of nuclei, 
transition probabilities etc., which considerably motivated nuclear reaction 
studies [4, 5]. Soon after the establishment of the presence of neutron(s) 
inside the nucleus, nuclear reactions were used as a tool to understand the 
properties of nuclei in various physical conditions. Some of the basic aims 
of nuclear physics research are to investigate the structure of the nucleus, 
the nature of the nuclear interactions, decay characteristics of excited nuclei 
and more recently to explore the possibilities of producing the super heavy 
nuclei [6]. 
In general, a nuclide 'A', when interacts with a nuclear particle 'a', forms a 
new nucleus 'B' and emits a nuclear particle of the type 'b' [7]. The 
energetic incident particle 'a', may be taken either from radio-active decay 
or from the particle accelerators. The above reaction may be represented 
as; 
a + A - ^ B + b ,, ,v 
or in the short form as; 
A(a, b)B ^^2) 
where, 'a' and 'b ' are the projectile and emitted particles, whi le 'A' & 'B' 
are the target and residual nuclei respectively. 
An important parameter involved in the nuclear reactions is the Q-value of 
the reaction, which refers to the energy balance of a nuclear reaction and 
may be wr i t ten for a binary reaction of the type A(a, b)B as; 
where, Mg and M A are the masses of projectile and target nuclei in the 
entrance channel, whi le Mb and M B are the masses of ejectile and residual 
nuclei in the exit channel and 'c' is the speed of light in vacuum. 
On the basis of Q-value, the nuclear reactions may be classified as; (a) 
Exoergic reactions ( Q > 0 ) , in which energy is evolved, and (b) Endoergic 
reactions ( Q < 0 ) , in which energy is absorbed. Since, there is a net deficit of 
energy in the endoergic reaction, therefore, energy must be supplied to 
initiate such a reaction, which usually comes f rom the kinetic energy of the 
incident particle. Based on the energy region of interest, a broad 
classification of nuclear reaction studies may be given as; (i) Low Energy 
Nuclear Reactions, (ii) Medium Energy Nuclear Reactions, and (iii) High 
Energy Nuclear Reactions. In nuclear reactions the identity of elements or 
nuclides may be changed by altering the structure of atomic nuclei. Changes 
in the nuclei can be in the form of energy, number of nucleons etc. Ideally, 
the energetic incident nuclear particle must approach wi th in the range of 
nuclear field of the target nucleus for a nuclear reaction to occur. Particles 
such as protons, and light nuclides wi th a positive charge experience 
repulsion. The repulsion results in the rise of potential energy, reaching its 
maximum value as Coulomb barrier, when t w o nuclei nearly touch each 
other. In order that a nuclear reaction takes place, the incident particles 
must carry enough energy to overcome the Coulomb barrier/fusion barrier 
(Bfus). Once wi th in the nuclear range of the target nucleus, the strong forces 
become effective, merging the incident particle wi th the target nucleus. In a 
nuclear reaction, all the properties of the interacting partners of the system 
are known, before and after the reaction has taken place. However, what 
exactly happens during the nuclear reaction is still not well understood. It is 
mainly because the time scales involved in the occurrence of a reaction are 
very short (i.e., «10-22 to 10"^ ^ sec). Since, the exact process of a nuclear 
reaction is not well known, therefore, simplified theories and models are 
developed for explaining the mechanism of the reaction. A major step in 
understanding nuclear reaction dynamics was made when Neil's Bohr [8] 
proposed first such model for nuclear reactions, called the compound 
nucleus (CN) reaction model, which has been extremely useful in describing 
a typical nuclear reaction. Although, the CN model was proposed to 
explain observed resonances in thermal and low energy neutron cross-
sections, but the concept was extended to reactions at higher energies as 
well. 
According to Bohr, a nuclear reaction takes place in two distinct stages. The 
first stage is the formation of the compound nucleus and the second stage is 
the disintegration of the compound nucleus into the products of the 
reaction. Both these steps are assumed to be independent of each other. In 
the first stage, when a projectile (E>Bfus) interacts with the target nucleus, it 
is captured by the target nucleus, the total kinetic energy and angular 
momenta of the projectile are shared statistically among all the nucleons of 
the composite system leading to the establishment of thermodynamic 
equilibrium. Once the equilibrium is established, the CN forgets its history 
of formation and may then decay. However, in the second stage, after a 
long time (= 10'^ sec), somehow sufficient amount of energy, more than 
the separation energy, may be accumulated on a nucleon or on a group of 
nucleons which may be emitted from the CN, leaving behind a residual 
nucleus [8]. In 1950, the validity of "Bohr's independence hypothesis" has 
been experimentally verified by S. N. Ghoshal [9]. Another approach to 
describe a nuclear reaction is the direct reaction mechani sm. The time scale 
of the direct reactions is ==10-22 sec, which is typically the time taken by the 
energetic projectile to cross the target nucleus diameter. In direct reactions, 
only a few degrees of freedom are excited. The direct reactions may further 
be sub-divided into three categories, viz., (1) knock-out reactions, where 
the incident particle hits a nucleon or a cluster of nucleons at the surface of 
the target nucleus which is then ejected, (2) pick-up reactions, where the 
incident particle picks-up a nucleon/nucleons from the target nucleus and 
(3) stripping reactions, where the incident projectile loses one or few 
nucleons, which are captured by the target nucleus. Such reactions are likely 
to occur at considerably higher energies. 
In the CN reaction mechanism it is assumed that the emission of light 
nuclear particle(s)/cluster(s) takes place, after the establishment of 
thermodynamic equilibrium and this state of the compound nucleus is 
achieved by a series of two body residual interactions between the 
nucleons of the composite system. However, both the intuition and the 
results of a large number of experiments indicate that the emission of 
nuclear particle(s) may also take place even before the establishment of 
thermodynamic equilibrium of the composite system [10]. The particles 
which are emitted before the equilibration of composite system are called 
pre-equilibrium (PE) particle(s) and the process is referred to as PE-emission 
and the mechanism is referred to as pre-compound reaction mechanism 
[11]. It may not be out of place to mention that the PE-emission serves as a 
bridge between the direct and the CN reactions. Such studies have mostly 
been carried out for light ion induced reactions. Further, with the 
availability of modern accelerators, it has now become possible to 
accelerate heavy-ions (HI) at energies from few MeV/nucleon to many 
GeV/nucleon. The HI induced reactions are significantly different from that 
of the light ion induced reactions. This is because of the fact that the charge 
and mass of the His are larger than the light ions, thus energy and 
momentum carried in by the His are relatively large, which makes the HI 
induced reactions more complex. A brief description of HI induced 
reactions and how they differ from light ion induced reactions is given 
here. 
1.2 NUCLEAR PHENOMENA IN HEAVY ION COLLISIONS 
Heavy ion collisions deal with the phenomena that occur when two nuclei 
are brought in contact with each other within the range of nuclear forces. 
Various heavy nuclei that exist in nature, particularly, never come in 
contact with each other at the temperatures that occur in nature, the only 
exception being reactions produced by cosmic rays. In recent years, particle 
accelerators have been constructed which are capable to accelerate nuclei 
to energies where they can overcome the Coulomb repulsion and the 
nuclear reaction occurs. During the last few decades or so, major research 
efforts have gone into the study of nuclei by means of probes which excite 
them in a moderate way, mainly by bombardment witi i light ions such as 
protons, deuterons and alpha particles. These investigations led to a rather 
detailed picture of nuclei close to their ground state, and have show/n a rich 
variety of phenomena displayed by the nuclear many body system. In 
general, when two nuclei are brought in contact, a variety of phenomena 
can arise. By appropriately selecting the target, the projectile and the 
incident energy it is possible to excite different degrees of freedom. On the 
other hand, collisions which bring the two nuclei into more intimate 
contact lead to a combined nuclear matter system which at a later stage of 
the reaction may look like a normal nucleus which has been excited to a 
state of relatively high angular momentum. The transition from the 
situation in which the two nuclei maintain their identity to the situation in 
which they become a composite system is the main theme of research in 
the field of HI physics. Collisions between His have been studied for a 
range of target-projectile combinations but detailed interpretation of 
reaction dynamics is still lacking. The experience gathered from these 
experiments leads to a consistent picture when the reactions are classified 
into categories, such as grazing collisions, deep inelastic collisions, fusion 
processes etc. 
The study of Hl-induced reactions is quite complex due to the involvement 
of many nucleons and interacting partners having large Bfus. The study of 
reactions involving His tend to differ from the light ion induced reactions in 
many ways. The de-Broglie wavelength associated with relative motion of 
the interacting heavy ions is much shorter than that for light ions, typically 
an order of magnitude smaller than the size of the nuclei and can be 
expressed by the relation; 
. -, l l / 2 
X = 
2K 
h' 
2mE,3b (1.4) 
Since, the associated de-Broglie wavelength (A) of the His is very small, 
therefore, the Hl-induced reactions can be described using semi-classical 
approach. In semi-classical approach, one considers radial motion of the 
ions classically and angular motion quantum mechanically in central force 
field. The His consist of larger mass in comparison to the light ions and 
their angular momentum with respect to the centre of mass is very large. 
An important feature of HI reactions is (since, a HI is a multi-nucleon 
system) that a variety of reactions may occur at energies near and well 
above the Bfus. Therefore, the HI induced reactions provide a possibility of 
producing nuclei with high excitation energy and spin. Nuclei far away 
from the neutron drip line may also be produced in HI interactions. Thus, it 
allows the study of those nuclei that do not exist naturally. The HI induced 
reactions have also been used to produce super heavy elements (SHE). 
With the availability of accelerated beams of heavy ions, the study of 
nuclear reactions initiated by His has acquired central place in nuclear 
physics research. The HI reactions can be described in terms of the distance 
of closest approach rmin, which is related to the impact parameter 'b' by the 
relation [12]. 
'min 
1 _ "Vvnin / 
E_ 
(1.5) 
where, V(rmin) is the nuclear potential between the target and projectile, 
and Ecm is the center of mass energy. 
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Figure 1.1: A typical representation of heavy-ion interaction trajectories. 
The classical trajectories of projectile leading to the different modes of 
reactions may be classified on the basis of impact parameters shown in Fig. 
1.1. As can be seen from the Fig. 1.1, at projectile energies well below the 
Coulomb barrier, the projectile does not touch the target nucleus and is 
elastically scattered through the Coulomb field, at large values of impact 
parameter leading to the 'distant collisions'. In such type of reactions, no 
mass is transferred from the projectile to the target nucleus and/or vice-
versa, and the Coulomb forces exclusively determine the process (elastic 
scattering and Coulomb excitation). However, when the projectile and 
target nuclei come into close contact then the nuclear interactions will set 
in. Meaning thereby, if the impact parameter is comparable to the sum of 
the radii of the interacting partners, 'grazing collision' may takes place and 
the projectile can be elastically or in-elastically scattered. Moreover, when 
the projectile interacts with the target nucleus at smaller values of impact 
parameter with relatively high bombarding energies Oust enough to enter 
in the nuclear field range of target nucleus) then 'deep inelastic collisions' 
(DlC) dominate. Here, the projectile interacts strongly with the target 
nucleus. In such a case, the nuclear density rises very rapidly in the surface 
region of target nucleus, and a few nucleons may get transferred from the 
projectile to the target nucleus, which is also referred to as the 'massive 
transfer reaction'. Further, if the projectile interacts with the target nucleus 
very strongly at still smaller values of impact parameters, the projectile 
fuses with target nucleus resulting into the formation of a compound 
nucleus (CN). The typical ranges of impact parameters associated with 
different processes are summarized in Table.1.1. 
Table 1.1: Values of distance of closest approach (impact parameter) and 
angular momentum representing different types of heavy-ion reactions. 
Distance of closest Angular Nuclear reaction of the type 
approach (rn^ in) momentum (€)  
b or Tmin >RN(=RI+R2) ^> ^N Rutherfofd (elastic) scattering 
or Coulomb excitation 
RF < rmin ^  RDIC D^ic > t> -^ N Deep in-elastic scattering 
or close collision 
RDIC < Tmin ^ RN •^N> i> -^ DIC Transfer reactions 
(elastic and in-elastic scattering) 
0 ^ Tmin ^ RF (< if Fusion reaction 
(Compound nucleus formation) 
Here, RN is the grazing range of nuclear force, Roic is the minimum distance 
for the deep inelastic collision, while RF is the minimum distance for fusion 
reactions. 
As already described, in case of Hi induced reactions, when the center of 
mass energy of the interacting partners is higher than the Bf^ s, they 
overcome the barrier and may lose some of the relative energy through 
friction to get trapped in the pocket of the potential and ultimately, it may 
lead to the formation of the compound nucleus. In general, the total cross-
section for these reactions may be estimated as, 
a = TcR^ = TzX^ i^ (1.6) 
The cross-sections for the fusion reaction and for the deep in-elastic 
scattering may be represented by using the equation (1.6) as; 
Op = 71 X^il (1.7) 
and ^Dic= ^ ^ ' H i c - ^ ? ) (1-8) 
The partial reaction cross-section for such a collision at a given energy E, 
may be given by [12], 
a^(E)= 7c?^ (^2^ + l)T^(E) (1.9) 
where, T, (E) is the transmission coefficient of the C^^ partial wave for the 
potential V^  (r) at energy E. 
A qualitative picture of the reaction probability as a function of entrance 
channel angular momentum (t) is given in Fig. 1.2, for different type of 
collisions discussed above. As can be observed from this figure, the area 
below the respective solid curves give the reaction cross-section for CN 
formation (QCN), deep in-elastic collision (aoic). direct reactions (ap) and 
towards the extreme right the area for elastic collisions and/or Coulomb 
excitation follow. As indicated in this figure, different regions are 
overlapping in C-values. At present, it is not clear, how large the 
8 
overlapping regions are for an individual mode of reaction. In the simplest 
form, one can set an assumption of effective nuclear potential Veff. that 
depends on the relative separation (r) of two interacting nuclei. The Veff(r). 
as a function of 'r' and relative angular momenta may be written as the 
sum of Coulomb, nuclear and centrifugal potential terms and may be given 
as. 
Veff (r)= Vc,„ (r) + V,,„ (r) -f V,,„, (r) (1.10) 
where, VcouiCr) is the Coulomb potential, Vnud(r) is the nuclear potential and 
Vcent(r) is the centrifugal potential. 
<^ EL"*" <^CE 
Figure 1.2: A typical picture of the distribution of reaction probability for 
fusion (CTCN), deep in-elastic collisions (apjc), direct reactions (ap), etc., as 
a function of entrance channel input angular momentum. 
The repulsive Coulomb potential Vcoui(r) may be given as, 
Vcou, (r) = 1 Z p Z ^ e ' 
4TOO ' ; f o r r ^ (Rp + RT) (1.11) 
and 
Vcou, (0 = 
1 Z. Z . e ^ ^ -2 ^ 
-P ' - T 
4TC£O 2RCO,| 
3 - ^ 
R2 ; for r <(Rp+RT) (1.12) 
Here, Zp and ZT are the atomic numbers, while, Rp and Rj are the radii of 
the projectile and the target nuclei, respectively. 
The complex short-range attractive nuclear potential VnudCr) has been 
described in different forms. Wood-Saxon form is the simplest form for the 
nuclear potentials and is given as; 
Vn 
Vnuc, (r) = ^ ^ , 
r - R l (1.13) r 1 H- exp 
where, » ^ ^ ^ ^ p /^  and VQ is the depth of the potential, 'a' is the 
diffuseness parameter and ro = 1.31 fm. 
The repulsive centrifugal potential Vcent(r) is given by. 
%^ l[t + 1) 
2)1 r^  V c , „ , W = ^ ^ ^ 0.14) 
here, -f is the angular momentum and [i the reduced mass of the interacting 
nuclei. The effective potential Veff(r,£) for the entrance channel can be 
written as; 
Veff(r„0= V, ( r j + V , ( r j 4 - ^ ^ ^ ± ^ (1.15) 
2^irb 
where, the terms used have their usual meanings. It may be observed that 
the magnitude of iir^ strongly affects the contribution of the centrifugal 
potential to the effective interaction for each partial wave. 
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It may, further, be noticed that at lower energies and larger impact 
parameters, when the two ions pass through each other at distances larger 
than the range of the nuclear interaction, they interact only through their 
Coulomb fields. As a result, elastic scattering may take place as only Vcoui 
and Vcent are important. In such type of interactions no dissipation of the 
kinetic energy takes place, and hence, the nuclear interaction is only a small 
perturbation on the Coulomb interaction. For grazing impact parameters 
(bgr), processes like, in-elastic scattering and a few nucleon transfer may 
take place from the projectile to the target nucleus. This may be due to the 
overlapping of the tails of nuclear wave functions. On further reduction of 
impact parameter, the wave functions of the two interacting nuclei overlap 
considerably and a part of the relative kinetic energy may be converted 
into internal excitation before the two nuclei separate into target and 
projectile like systems. These deep in-elastic collisions take place at energies 
of the order of a few MeV/A above the Bfus. At still lower values of impact 
parameter, the two ions may come close to each other within the range of 
nuclear interactions, where large dissipation of energy takes place forming a 
fully thermalized composite system. The study of HI induced reactions has 
been used as an important tool to understand the reaction dynamics and 
the decay characteristics of excited compound nuclei at energies near and 
above the Coulomb barrier (CB) [13-17]. It is now experimentally 
established that complete fusion (CF) and incomplete fusion (ICF) are the 
dominant modes of reaction processes at these energies [18-22]. A brief 
description of these processes is presented here. 
1.2.1 COMPLETE FUSION 
In case of complete fusion (CF), the projectile nucleus completely fuses with 
the target nucleus leading to the formation of fully equilibrated compound 
nucleus (CN). For such reactions to take place, the incident energy of the 
projectile must be sufficient enough to overcome the Bfus of the projectile-
target combination. In the centre of mass frame, the Bf^ s is given as; 
1.44 Zp ZT 
(A ' / ' +A | , ' 
where, the symbols used have their usual meaning 
B - ^ ^ | ^ « t ^ M e V 0.,6) 
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Further, for the CF to occur the input angular momentum should be such 
that can be sustained by the composite system. In the CF reaction all 
nucleonic degrees of freedom are involved. A typical representation of the 
CF reaction dynamics, formation of CN and its subsequent decay is shown 
in Fig. 1.3. The CF reactions are said to occur probably at zero/small values 
of impact parameters and for the input angular momenta range O^^^^cnt-
Another way of describing the CF processes is on the basis of linear 
momentum transfer from the projectile to the target nucleus. In case of CF 
process, the total linear momentum of the projectile is transferred to the 
composite system. The mass of the composite system is essentially equal to 
• It 
Compound nucleus 
Formed by CF 
Projoctilt (P) Target (T) Capture 
(P + T) 
IQiSsec 
lO^sec 
Final reaction product 
(residue) 
Figure 1.3: A typical representation of compound nucleus (CN) formation 
and its decay via complete fusion (CF) process. The CN first decays by the 
evaporation of neutrons, protons and/or a-particles. Eventually, it may 
lose the rest of its excitation energy and almost all of its initial angular 
momentum by emission of y-rays. 
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the sum of the masses of interacting partners i.e., projectile and the target 
nucleus. The CN formed by complete fusion may de-excite by the 
evaporation of light nuclear particle(s), alongwith characteristic y-radiations 
leaving a residue recoiling essentially in the fonA'ard cone. At higher ^ 
values (f > (cr/t) the overlap between the target nucleus and the incident ion 
is less and may lead to in-complete fusion. 
1.2.2 IN-COMPLETE FUSION 
In case of in-complete fusion (ICF), a part of the projectile fuses with the 
target nucleus while the remnant moves with the same velocity as that of 
the incident ion. It is assumed that the un-fused part does not interact and 
behaves as a spectator. In case of ICF, partial linear momentum transfer 
(LMT) from the projectile to the target nucleus takes place and relatively 
less nucleonic degrees of freedom are excited as compared to the CF. A 
typical representation of ICF reaction dynamics is shown in Fig. 1.4. At 
relatively higher projectile energies and at finite values of impact 
parameter, CF gradually gives way to ICF. For large impact parameter, the 
driving angular momenta exceed its critical limit (fait) for CF, as such the 
attractive nuclear potential (Vnuci) is not strong enough to capture the entire 
projectile. Eventually, an in-completely fused composite (IFC) system (a 
part of projectile 4- target nucleus) appears with less charge and mass as 
compared to that of CF population. It may, however, be pointed out that 
in case of ICF, most of the time either a-particle or clusters of a-particles 
(i.e., ^Be or '^ C) depending on the incident ion, escape as un-fused 
spectator. Nonetheless, the viscous forces between interacting partners also 
play an important role in the occurrence of fusion and fusion-like (ICF) 
processes [24]. However, it has experimentally been observed that there is 
no sharp boundary of input angular momentum for CF and ICF to occur. 
Both the processes are found to contribute significantly below and above 
their input angular momentum limits. Some of the prominent features of 
ICF reactions, which have emerged from qualitative observations of recent 
experimental results, are summarized as; 
> the ICF processes mainly take place for the I > tent for CF, meaning 
thereby that the lower t-values don't contribute to ICF [23], 
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the fused system is formed with less charge and mass as compared to 
the total charge and mass of interacting partners [16], 
the contribution of ICF increases with projectile energy. At relatively 
higher beam energies ICF contributes a significant fraction to the total 
fusion cross-section [16, 25], 
the forward recoil velocity of ICF residues has been observed to be less 
than those populated via CF, due to partial linear momentum transfer 
[26], 
the ICF has been observed to be more prominent for relatively more 
mass asymmetric systems as compared to the mass symmetric systems 
[27-29], 
The spin distribution of the residues formed via ICF processes is found 
to be distinctly different from that for CF population [30], 
Compound nucleus 
formed by ICF 
Projectile (P) Target (T) 
Projectile (P) = participant (P') + spectator (S) 
Incompletely Fused Composite = IPC 
CN formed via ICF = CN' Final reaction product (residue) 
Figure 1.4: A typical representation of in-complete fusion (ICF) process. As 
shown, one of the fragments fuses with target nucleus called participant 
(P'), leading to the formation of an IFC system, while the remnant moves 
in the forward cone as spectator(s) with almost the projectile velocity. The 
IFC system de-excites in the similar fashion as the CN decay in CF. 
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1.3 HISTORICAL PERSPECTIVE AND MOTIVATION OF THE 
PRESENT WORK 
For many years, the study of HI reactions has been used as an important 
tool to understand the reaction dynamics and the decay characteristics of 
excited compound nuclei at energies near and above the Coulomb barrier 
(CB) [13-16, 31]. The evidence of ICF reactions was observed from 
experiments [32, 33] on different projectile target combinations at energies 
from »7-10 MeV/nudeon. The results of these experiments suggested that 
the main process involved in the production of fast a-particles is the 
projectile break-up in the nuclear field of the target nucleus in a hard 
grazing interaction. Later, similar experimental evidences were put forward 
by Galin et. al., [34], where it has been observed that ICF processes 
compete with CF at the bombarding energies above 7 MeV/nucleon. 
Recently, it has been observed that ICF becomes more and more dominant 
as the projectile energy increases [35-40]. The different modes of reactions 
can be understood on the basis of driving input angular momenta imparted 
into the system. The CF occurs for the input angular momenta values ^^cnt. 
as per the sharp cut-off approximation. However, at relatively higher 
projectile energies and/or at larger impact parameters, ICF starts competing 
with the CF. It may, further, be pointed out that the multitude of driving 
input angular momenta may vary with the projectile energy and/or with 
the impact parameter. However, there is no sharp boundary for the CF and 
ICF processes; both the processes have been observed below and/or above 
the limiting value of input angular momenta [41]. A few reports have 
indicated that ICF can selectively populate high spin states in the final 
reaction products at low bombarding energies and can be used as 
spectroscopic tool as well [42, 43]. The ICF reactions have been employed 
to populate neutron-rich nuclei compared to conventional fusion-
evaporation reactions, and hence opening the possibilities for the study of 
nuclei along the neutron rich side of the line of stability [44]. 
A variety of dynamical models/theories, like the Break-up Fusion (BUF) 
model [45], the SUMRULE model [46], the Promptly Emitted Particles 
(PEPs) model [47], the EXCITON model [10], the Hot Spot model [48], the 
Multlstep Direct Reaction theory [49], the Overlap model [50-52] etc., 
have been proposed to explain some of the characteristics of ICF reactions. 
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The SUMRULE model of Wilczynski et. al., [46], considers that ICF 
processes mainly originate from peripheral interactions and are localized in 
the angular momentum space above the critical angular momentum (1,,^) 
for the CF. Apart from the above mentioned dynamical models, 
Morgenstern et. al., [29, 53] investigated the mass asymmetry dependence 
of the ICF contribution. The peripheral nature of ICF reaction dynamics has 
also been emphasized by Trautmann et. al., [54], and Inamura et. al., [55, 
56]. The BUF-model of Udagawa and Tamura [45], is based on the 
Distorted Wave Born Approximation (DWBA) formalism for elastic break-
up, where the projectile is supposed to break-up into its constituent a-
clusters (e.g., '^O may break-up into '^ C -I- a and/or ^Be -I- ^Be) as it 
approaches the nuclear field of target nucleus. One of the fragments of the 
projectile is assumed to fuse with target nucleus to form an in-completely 
fused composite system and un-fused fragment continues to move un-
detected or slightly deflected in the forward cone with almost projectile 
velocity. However, in PEP's model [47], the particles are assumed to be 
transferred from the projectile to the target nucleus and get accelerated in 
the nuclear field of target nucleus and hence, acquire extra velocity to 
escape from the surface of composite system before the establishment of 
thermodynamical equilibrium. Moreover, the leading particle model of 
Natowitz et. al., [57], Hybrid model of Blann [11], Fermi-jet model [47, 
58, 59], and Moving Source model [60] have also been proposed and 
seem to explain some of the experimental data related to ICF at relatively 
higher projectile energies. It may, however, be pointed out that these 
models predict the magnitude of ICF, to some extent, at energies >10 
MeV/nucleon, but none of these models/theories is able to successfully 
explain the ICF data at energies =4 -7 MeV/nucIeon. Despite the existence 
of so many models, a clear picture of the mechanism of ICF is yet to 
emerge, particularly at relatively low bombarding energies, i.e., below 7 
MeV/nucleon, where the systematic studies are available only for a few 
projectile-target combinations. As such, the study of ICF is still an active 
area of investigation. 
In order to explore some of the important issues, related to the CF and ICF 
reactions at energies near and above the Coulomb barrier, several 
experiments have been performed at the Inter-University Accelerator 
Center (lUAC), New Delhi, India. The measurements of excitation functions 
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[31, 39, 61], which give an indication of ICF processes below 7 
MeV/nudeon; forward recoil range distributions [62], which is considered 
to be one of the direct proofs of ICF processes, indicating fusion 
incompleteness associated with fractional degree of linear momentum 
transfer (LMT) and angular distribution of residues [61] have been carried 
out. 
The present chapter introduces the field of nuclear reactions in general, and 
heavy ion physics in particular. Some relevant terminology and a brief 
summary of the literature is also given. Consequently, the rest of the thesis 
is organized as follows; the Chapter II, focuses on the experimental 
procedure adopted to carry out different experiments at the Inter 
University Accelerator Centre, New Delhi, India. In Chapter III, various 
theoretical models that may be used to analyze the experimental results are 
discussed, while in Chapter IV details of measurements are presented. 
Chapter V gives the details of the data analysis in the form of results and 
discussion. Summary and the conclusions drawn from the present work are 
given at the end. The references are given at the end of each Chapter. 
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Chapter II 
THE EXPERIMENTAL TECHNIQUE 
The experiments reported in this thesis have been carried out using the 
15UD Pelletron accelerator [1, 2] of the Inter University Accelerator Centre 
(lUAC), New Delhi, India. Brief details of Pelletron accelerator at lUAC are 
presented in section 2.1. The details of the sample preparation for the 
measurement of excitation functions (EFs), forward recoil range 
distributions (FRRDs) and angular distributions (ADs) of reaction residues 
are presented in section 2.2. The activation technique used for the 
measurement of EFs, FRRDs and ADs is presented in the next section 2.3. 
The method of the irradiation of the samples is presented in section 2.4, 
while the post irradiation analysis including the calibration and efficiency 
determination of high purity Germanium spectrometer, discussion on the 
detection of residues, determination of production cross-section and finally 
the estimation of errors in the measurements are discussed in section 2.5. 
2.1 PELLETRON ACCELERATOR AT lUAC 
A particle accelerator is one of the most versatile instruments, used to study 
the nature of the matter and energy. The lUAC Pelletron is a 15UD, 
tandem electrostatic accelerator and is capable to accelerate any ion 
(independent of its mass and charge state) from proton to Uranium in the 
energy region from a few tens of MeV to a few hundred MeV, depending 
on the ion species. The installation of the accelerator is in a vertical 
configuration in a huge stainless steel tank of 26.5 meter in height and 5.5 
meter in diameter. The tank is filled with a high di-electric constant gas SF^  
at —7-8 atmospheric pressure to insulate the high voltage terminal from the 
tank wall or to prevent the breakdown of high voltage. In the middle of 
the tank there is a high voltage terminal, which can hold potential from 4 
to 16 million volts (MV). Since, 16 MV is quite high a potential, special 
technique of charging the terminal is adopted using the pelletron charging 
chain. 
The basic principle of acceleration of charged particles with this accelerator 
is similar to that of Van de Graaff generator, except a novel feature that it 
uses the accelerating voltage twice and hence the name tandem accelerator. 
Once the terminal is charged to a high voltage, it may be used for 
accelerating any ion beam. A typical layout of Pelletron setup is shown in 
Fig, 2.1. By attaching an extra electron to the neutral atoms, negative 
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Figure 2.1: A schematic diagram of lUAC Pelletron Accelerator. 
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ions are produced in the ion source. The negative ions are injected at 
ground potential to the accelerator with the help of injector magnet and 
the beam is accelerated towards the terminal at high positive potential, 
increasing its energy to eV, (where, Vt is the terminal potential in MV). At 
the terminal, these ions pass either through a thin foil or some gas used as 
stripper, which strips-off at least few electrons from each negative ion, 
thereby, converting them to positive ions. Since, the terminal is at high 
positive potential, the positive ions are now repelled and then accelerated 
below the terminal to ground potential. If the charge state of positive ion 
after passing through the stripper at the terminal is q, then the energy 
gained in the acceleration below the terminal to the ground potential is 
qVt. Therefore, after passing through the two stages of acceleration the final 
energy of the ion beam is given by, 
Efina, = Eo + (q+l)V, (2.1) 
where, Eo is the energy of the ion before acceleration by terminal voltage 
Vt and q is the charge state of ion after stripping. Since, Eo<<Efinai> it may be 
neglected. As such, the above equation may be written as; 
Ef,nai =(q+OV, MeV (2.2) 
2.2 SAMPLE PREPARATION 
Samples for the measurements for different systems viz., '^O+'^'Ta, 
'60+i°3Rh and i^O+"Al have been prepared by different techniques. A brief 
description of the sample preparation for EF. FRRD and AD measurements 
are given in the following sub-sections. 
2.2.1 Measurement of Excitation Functions 
For the excitation function (EF) measurements, the targets of isotopically 
pure 'S'Ta («99.99%), '"^Rh («100%) and ^^Al (=99.99%) were prepared 
at the target laboratory of lUAC, New Delhi, using the rolling technique. 
To trap the recoiling products produced via different reaction processes, Al-
catchers of appropriate thicknesses were also prepared by rolling. The Al-
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backing of targets served both as energy degrader as well as catchers for the 
residues recoiling out of the target foil during the irradiations. 
In case of '^O + '^Ta system, three stacks of samples containing four foils, 
three foils and one foil respectively were arranged. All the samples of Ta 
and Al-foils (used to trap recoiling reaction products) were prepared by the 
rolling technique. In the first stack, the thicknesses of four Ta samples were 
= 1.25, 1.43, 1.42 and 1.22 mg/cm^ while the thicknesses of corresponding 
Al-catchers were =1.16, 1.76, 2.01 and 1.24 mg/cm^ respectively. In the 
second stack, the thicknesses of three Ta samples were =1.28, 2.03 and 
1.76 mg/cm^ while the thicknesses of corresponding Al-catchers were =1.81, 
1.65, and 1.47 mg/cm^ respectively. However, in the third one containing 
single foil, the thickness of Ta sample was =1.22 mg/cm^ while the 
thickness of corresponding Al-catcher was =1.29 mg/cm^ 
In case of '^O + '"^Rh system, two stacks each containing three samples of 
Rh and Al-foils sandwiched between them were used. All the samples of Rh 
and Al-foils were prepared by the rolling technique. The thicknesses of Rh 
samples used in the first stack were ~2.41, 2.53 and 2.68 mg/cm^ while 
the thicknesses of corresponding Al-foils were =1.83, 1.65 and 1.83 
mg/cm^. Further, in the second stack the thicknesses of three Rh samples 
were =2.49, 2.76 and 2.97 mg/cm^ while, the thicknesses of Al-foils 
(catchers) used for energy degradation in this stack were =1.83, 1.83 and 
1.04 mg/cm^ respectively. 
For the study of the system '^O -I- ^^Al, four stacks were made for 
irradiations. In the first and second stacks, there were five Al-foil samples 
(of thickness =1.5 mg/cm^) and Tm degraders (of thickness =0.6 mg/cm^). 
In the other two stacks, there were five/four Al-samples (of thickness =2 
mg/cm^) and degraders of Tb (of thickness =1.8 mg/cm^). 
2.2.2 Measurement of Forward Recoil Range Distributions 
In the present work, forward recoil range distributions (FRRDs) of several 
residues in '^O+'^'Ta system have been measured. For these measurements, 
isotopically pure samples of '^Ta (abundance =99.99%) of thickness =150 
//g/cm2 were deposited by the electro-deposition technique on Al-backing 
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of thicknesj »1.M.5 mg/cm^ prepared by rolling technique. The thin Al-
catcher foils required for trapping the recoiling heavy residues produced via 
different processes were prepared by vacuum evaporation technique. Stacks 
of a number of thin Al-catcher foils vj\th the total thickness (=600 \ig/cm^), 
sufficient to stop most energetic residues, were placed just after the target. 
The heavy (slow) residues populated via CF and/or ICF processes in the 
target could be trapped at various thicknesses in the catcher foil stack. 
2.2.3 Measurement of Angular Distributions 
For the measurements of angular distribution of recoiling residues produced 
in '^O + " A l system, an Al-target supported by Tm material of thickness 
=0.48 mg/cm^ followed by a stack of thick annular concentric Al-catcher 
foils of thickness «0.3 mm was prepared. Here, the thick concentric 
annular Al-catchers of diameters 0.81, 1.29, 1.95, 2.64, 3.27, 5.46 and 6.4 
cm were used to trap the recoiling nuclei emitted at different angles. 
Since, a precise knowledge of the target thickness is crucial in the absolute 
cross-section measurements of different reaction products, therefore, the 
measurement of target thickness must be as accurate as possible. The 
thicknesses of each target and catcher foil, used for the EF, FRRD and AD 
measurements in all the above mentioned systems, were separately 
measured by the a-transmwsion method. The a-transmission method is 
based on the measurement of the energy lost by 5.487 MeV a-particles 
(obtained from standard ^^lAm source) while passing through the target 
material. The targets were cut into the size of 1.2x1.2 cm^ and were pasted 
on AI-holder$ having concentric hole of 1.0 cm diameter. The Al-holders 
were used for rapid heat dissipation during the irradiations. 
2.3 STACKED FOIL ACTIVATION TECHNIQUE 
Stacked foil activation technique [3] has been used for the measurement of 
cross-sections. Activation technique is a non destructive method of 
measuring concentration of constituents in a given sample by measuring the 
characteristic radiations emitted by the radioactive nuclides resulting from 
selected nuclear transformations. Activation technique is one of the simplest 
and powerful methods for measuring the EFs and to deduce important 
information about the nuclear reaction dynamics. In this technique, a stack 
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of targets backed by suitable catcher/degrader foils is irradiated by an 
energetic beam. After the irradiation, the activities induced in the target-
catcher foil assembly are recorded off-line for a considerably long time 
depending on the half-lives of reaction products of interest. Some of the 
important advantages of the activation technique are given below;; 
• When a sample is irradiated, several nuclear reactions may take place 
simultaneously. Many of these reactions leave radioactive nuclides. Each 
radioactive nuclide has its characteristic half-life and decay mode. The 
technique provides the possibility of measuring cross-sections for several 
reactions at different projectile energies in a single irradiation, hence the 
beam-time requirements may be minimized. 
• Measurement of induced activity may be done after the irradiation. 
Therefore, there is no possibility of contamination from the beam 
background. 
• With the availability of high resolution detectors, it is now possible to 
separate out the activities of different reaction products decaying by y-rays 
of nearly same energies, accurately. As a result, errors in these 
measurements are expected to be quite low. Further, often a given radio-
active residue emits gamma rays of more than one energy. By measuring 
the intensities of these radiations, cross-section for the production of the 
residue can be determined in a self consistent way. 
The activation technique is quite simple and accurate but sometimes it 
becomes complicated due to the presence of radiations (y-rays) of almost 
similar energies for more than one reaction products. In case of mixing of y-
rays due to different isotopes, the contribution from each isotope can be 
separated out by analyzing their decay curves. The unique half-life of each 
radioactive isotope provides a specific way for its identification and 
measurement. It may, however, be pointed out that this technique is 
limited only for the reaction products having measureable half-lives. 
2.4 IRRADIATION 
In the present work, irradiations have been carried out using "^0^+ beam 
delivered from the 15UD-Pelletron Accelerator at the lUAC, New Delhi, 
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India. Irradiations were performed in the General Purpose Scattering 
Chamber (GPSC) of 1.5 m diameter. This big chamber was selected because 
it has an in-vacuum transfer facility (ITF) i.e., the samples may be changed 
in the GPSC wi thout disturbing the vacuum inside the chamber. Using this 
facility, the t ime lapse between the stop of the irradiation and the counting 
of the samples may be considerably reduced and thus induced activities of 
short half-lives may be recorded. Typical photographs of GPSC and ITF are 
given in Figs. 2.2. The flux of the incident ions ('*0) was determined from 
the total charge collected in the Faraday cup, placed behind the target-
catcher foil assembly. In an auxiliary experiment two silicon surface barrier 
detectors D, and D2 (Rutherford monitors) were kept at 30° w i th respect to 
the direction of the beam at the forward angles, to record the scattered 
incident ions for flux determination. Flux of incident beam determined 
from the counts of Rutherford monitors and from the integrated counts of 
Faraday cup were found to agree wi th each other wi th in 5%. The activities 
produced in the samples after irradiation were recorded using a pre-
calibrated. High Purity Germanium (HPGe) detector of 100 c.c. active 
volume coupled to a PC through CAMAC based FREEDOM software. In 
the present work , the targets backed by Al-catchers were placed normal to 
the beam direction so that the recoiling nuclei coming out of the target 
may be trapped in the catcher foil and hence there is no loss of activity 
from the sample, giving rise to better accuracy in the measurements. 
2.4.1 Measurement of Excitation Functions 
In '^O-l-'^'Ta system, for the measurement of EFs, three stacks, w i th four 
foils, three foils and one foil respectively, were irradiated at =100, 98, and 
88 MeV beam energies to cover a wide energy range. As the incident beam 
passes through the stack, it loses its energy both in the target material and 
in the catcher/degrader material. As such, successive targets of the stack get 
irradiated at different energies. The energies of the incident ion on 
successive targets have been calculated using stopping power values 
obtained f rom code SRIM [4] based on the range-energy formulations. In 
the first stack, containing four foils, the incident energy on each foil after 
energy loss has been estimated to be 99 ± 0.9, 93 ± 1.1, 85 ± 1.2 and 76 ± 
1.1 MeV, respectively. Further, in the second stack, containing three foils of 
the Ta-sample, the beam energies were 97 ± 1.0, 88 ± 1.6 and 80 ± 1.5 
MeV, respectively. Similarly, in the third irradiation of single foil the 
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Figure 2,2: (a) The general purpose scattering chamber (GPSC), (b) its 
inside view and (c) typical arrangement of an in-vacuum transfer facility 
(ITF), used for in-vacuum transfer of irradiated samples. 
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Figure 2.3: A typical y-ray spectrum of '^O+'^'Ta system at «100 MeV. 
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incident energy was estimated to be 87 ± 1.0 MeV. As already mentioned, 
the stacks were placed normal to the beam direction, so that the recoiling 
products could be trapped in the catcher foil placed just behind the target 
and there would be no loss of activity. Keeping in view the half-lives of 
interest, irradiations were carried out for =8-10 hrs duration for each stack. 
The Pelletron crew provided a constant beam current =50 nA throughout 
the irradiations. A typical y-ray spectrum for the i^O+'^Ta system at =100 
MeV is shown in Fig. 2.3, where various y-peaks corresponding to different 
reaction products populated via different reaction modes are indicated. 
Further confirmation of the identification of reaction products has been 
made by the decay curve analysis. Identified evaporation residues along 
with their important spectroscopic properties are given in Chapter IV. 
in case of '^0-l-'°^Rh system, two stacks containing three samples each were 
irradiated by =80 and 85 MeV '^0^+ beam, respectively. The beam energy 
on each sample was calculated using the code SRIM [4]. In first stack, the 
incident energies on successive Rh samples were 77.38 ± 2.61, 65.44 ± 2.98 
and 52.61 ± 3.48 MeV respectively. Further, in the second irradiation the 
incident energies on Rh samples were estimated to be 82.38 ± 2.63, 70.51 
± 3.13 and 56.90 ± 3.72 MeV respectively. Irradiations for each of the '°3Rh 
stacks were carried out for =4 hrs. The residual nuclei trapped in the 
samples and Al-catcher foils were counted together. 
In case of '^O+^^Al system, two stacks containing five alternate samples 
each of natural Tm and Al and another two stacks containing five and four 
alternate samples of natural Tb and Al, respectively, were used for the EF 
studies. The samples of Tm and Tb served as energy degraders. Four stacks 
containing in all nineteen ^'^Al samples and an equal number of energy 
degraders were irradiated by the '^0''+ beam at four different energies, i.e., 
86, 88, 92, and 95 MeV. The irradiation of these stacks covered the desired 
energy range =58 to 95 MeV. The irradiation of each stack was carried out 
for =8 hrs duration. The beam currents were =50 nA. The activities 
induced in the various samples were recorded by counting the Al-samples 
as well as the degrader/catcher foils using a HPGe y-ray spectrometer. The 
off-line y-ray spectroscopy was employed to determine the cross-sections 
for various reaction residues. 
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2.4.2 Measurement of Forward Recoil Range Distributions 
The forward recoil range distributions (FRRDs) for several residues have 
been measured at 81, 90 and 96 MeV energies in the system '^O+'^'Ta. For 
these measurements, stacks of thin Al-catcher foils (with the total thickness 
sufficient to stop most energetic residues formed via full linear momentum 
transfer) have been prepared. The catcher stack stops heavy residues, 
produced by various reactions in target, at different distances (thicknesses) 
depending on their energies. As already mentioned, both the targets and 
the catchers were prepared by vacuum evaporation technique. The thin (= 
150 pg/cm^) target of '^Ta has been mounted in such a way that the Al-
backing First faces the beam so that the recoiling nuclei, even of very short 
range, will not get stopped in the target backing thickness itself. A typical 
arrangement of target and stack of catcher foils for the FRRD measurements 
is shown in Fig. 2.4. 
Target 
Incident beam 
Al-Backing 
Al-Catcher stack 
Figure 2.4: A typical stack arrangement for the forward recoil range 
distribution measurements. 
The '^0^+ beam energies in three separate irradiations for FRRD 
measurements were 85, 94 &. 100 MeV. After an energy loss of =3.7, 3.9 &. 
3.5 MeV in the target backing (=1.06, 1.2 and 1.13 mg/cm^, respectively), 
the incident energies on the targets are estimated to be respectively =81.3, 
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»90.1 & =96.5 MeV. The irradiations have been carried out for the 
duration of =12 hrs each, with a beam current =50 nA. The residues 
populated via CF and/or ICF processes are supposed to be trapped at 
different catcher foil thicknesses, depending on the recoil velocity and/or 
the degree of LMT of the projectile associated with the mode of residue 
formation. The y-ray spectra of each catcher foil were recorded at 
increasing times for the identification of the residues. A list of the radio-
nuclides populated in '^O+'^Ta system, energies of identified y-rays 
alongwith their branching ratios are given in Chapter IV. The activities 
induced in each thin catcher foil were followed off-line using a pre-
calibrated high resolution (=2 keV for 1.33 MeV y-ray of ^°Co) HPGe 
detector of 100 c.c. active volume of CANBERRA coupled to CAMAC 
based software FREEDOM [6] at the lUAC, New Delhi. The Al-catcher 
thicknesses used in the present experiment for the FRRD measurements at 
=81, 90 and 96 MeV are given in Table 2.1. 
2.4.3 Measurement of Angular distributions 
A separate experiment has been carried out to measure the angular 
distribution of recoiling residues in the system '^0-l-2''AI at =85 MeV beam 
energy. In this experiment, Al-target supported by Tm material of thickness 
=0.48 mg/cm^ followed by several thick annular concentric Al-catchers was 
prepared. The target was mounted normal to the beam direction in the 
irradiation chamber. Concentric annular Al-catchers of thickness =0.3 mm 
with diameters 0.81, 1.29, 1.95, 2.64, 3.27, 5.46 and 6.4 cm were used to 
trap the recoiling nuclei emitted at different angles. A typical arrangement 
of the target and catcher assembly used for the angular distribution 
measurements is shown in Fig. 2.5. The arrangement of annular catchers 
was placed 1.8 cm behind the target for collecting the residues emitted in 
seven different angular ranges, viz., 0°-13° (most forward cone), 13°-21°. 
210-30°, 30°-39°. 39°-45o. 450-60°, and 60°-64°. The irradiation was 
carried out for about 11 hrs with a beam current of =50 nA. The activities 
induced in each annular catcher foil were followed off-line for a couple of 
days. Typical y-ray spectra indicating the region of interest for different 
annular Al catcher rings covering the angular range from 0°-13° to 45°-60° 
is shown in Fig. 2.6. 
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Table 2.1: A list of Al-catcher thicknesses used for the RRD measurements. 
S. No. Thickness Oyg/cm^) 
for the irradiation 
at «85 MeV 
Thicl<ne$s (/yg/cm^) 
for the irradiation 
at «94 MeV 
Thickness (/ig/cm^) 
for the irradiation 
at «100 MeV 
1 9.96 23.33 10.01 
2 15.19 23.52 16.17 
3 30.86 23.78 18.17 
4 30.94 23.89 18.32 
5 31.05 24.35 19.00 
6 31.15 25.06 19.29 
7 32.05 25.35 19.90 
8 32.05 26.56 21.59 
9 32.09 29.08 23.33 
10 32.27 29.08 40.16 
11 32.31 29.40 40.17 
12 33.21 35.45 40.56 
13 33.50 36.07 50.70 
14 33.53 36.35 50.73 
15 33.53 54.04 50.89 
16 33.55 54.74 51.68 
17 33.59 54.94 56.77 
18 41.47 55.02 64.40 
(Thickness «47.24 fig/cm^) 
Stack of Ai-catcher$ of 
thickness «0.3 mm with concentric holes 
1607+ 
*85MeV 
Aluminum 
(Thickness «1.1mg/cm2) t 
• • • 
w 6.5cm 
Figure 2.5: Typical arrangement of target-catcher assembly used for the 
angular distribution measurements covering the annular range f rom 0°-13° 
to 45°-60°. 
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Figure 2.6: Typical y-ray spectra of Al-catcher rings covering the annular 
range from 00-13° to 45°-60°. 
The peak in the observed y-ray spectrum was assigned to the reaction 
residue on the basis of its characteristic y-lines as well as measured half-life 
using decay curve analysis. Further, the intensities of the characteristic y-rays 
were used to compute the reaction cross-sections at different angular 
ranges, using standard formula (equation 2.12) given in section 2.5.3, of 
this chapter. The efficiency of the detector was obtained for a point source. 
However, the annular catchers used for trapping the reaction residues had 
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a finite area, therefore, proper correction [7] was applied to deduce tine 
cross-sections for the residues of interest. 
2.5 POST IRRADIATION ANALYSIS 
In order to identify the characteristic y-rays of evaporation residues in the 
complex y-ray spectra, a detector of good resolution and proper calibration 
is required. The post irradiation analysis has been carried out using y-ray 
spectrometer with a HPGe Detector. 
2.5.1 Calibration and Efficiency Determination of HPGe Detector 
The HPGe detector was pre-calibrated both for energy as well as efficiency 
by using various standard y-sources i.e., ^^Na, ^°Co, '"Ba, '^ ''Cs and '"Eu of 
known strengths. The prominent y-rays of the standard '"Eu source are 
given in Table 2.2, and have been used in the present measurements, both 
for energy calibration of the y-ray spectrometer and for the determination 
of detector efficiency as a function of y-ray energy. 
Table 2.2: A list of y-ray energies and absolute intensities of some of the 
prominent y-rays from standard y-source '"Eu. 
y-ray energy (keV) Absolute Intensity (%) 
121.78 28.58 
244.69 7.58 
344.27 26.54 
443.96 2.82 
778.90 12.94 
867.37 4.24 
964.07 14.60 
1089.73 1.72 
1112.07 13.64 
1212.94 1.42 
1299.14 1.62 
1408.00 21.00 
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Figure 2.7: Geometry dependent efficiency curves as a function of y-ray 
energy at source-detector separations (a) d = l cm and (b) d=2 cm. Solid 
lines represent the best polynomial fit. 
The geometry dependent efficiency (GE) of the HPGe detector at a given 
energy has been determined using the following expression; 
G , = ^ o 
N^oe' pny: (2.3) 
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where, No is the disintegration rate of the standard y-source at the time of 
measurement, Nao is the disintegration rate at the time of manufacture of 
the source, A is the decay constant, t is the time lapse between the 
manufacture of the source and the start of the time of counting, and 9 is 
the branching ratio of the characteristic y-ray. 
In order to keep the geometry dependent detector efficiency same for 
standard y-sources and samples/catchers, the standard y-sources and the 
irradiated sample foils were counted in the same geometry. However, the 
source-detector separations for various irradiated samples were kept 
different, depending on the intensity of the induced activities, in order to 
keep the dead time of counting less than 10%. Typical geometry 
dependent efficiency as a function of y-rays energy and for two different 
source-detector separations (1 cm and 2 cm) are shown in Fig. 2.7. 
Further, the geometry dependent efficiency curves are found to be best 
fitted with a 5"^  order polynomial function of the type; 
Gg = ap -f- a, E -I- a2 E^  -f a^ E^  -t- a4 E'* + a^ E^  (2.4) 
where, E is the energy of the y-ray and ao, a,, a2, as, a4 and as are the 
coefficients having different values for each source-detector separation. 
2.5.2 Identification of Reaction Products 
Once the irradiation has been completed, the stacks of targets alongwith 
catcher foils were taken out of the GPSC with the help of ITF. The 
intensities of identified y-peaks were recorded at increasing times to get 
their decay curves. The analysis of decay curves give the half-lives of the 
residues and thus confirmed their identification. This is a very specific way 
for the identification of reaction products because each radioactive isotope 
has a unique decay mode. As a representative case, a typical decay curve of 
^^ «^T1 (T,/2 =21.6 m) identified by 324.4 keV y-ray is shown in Fig. 2.8. List 
of reaction products identified are given in Tables 4.2, 4.6 and 4.9 in 
Chapter IV, alongwith their spectroscopic properties which have been 
taken from the Table of Isotopes [8]. 
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Chapter IV, alongwith their spectroscopic properties which have been 
taken from the Table of Isotopes [8]. 
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Figure 2.8: Experimentally observed decay curve; the count-rates have 
been plotted on semi-log graph as a function of lapse time, which indicates 
the half-life of corresponding residue produced in '^O + ^ '^Ta system. 
2.5.3 Determination of the nuclear reaction production cross-
section 
The production cross-section ax(a,b)(E) is a measure of the probability of the 
formation of a particular reaction product. Experimentally, the cross-section 
for a reaction X(a, b)Y may be defined as the number of events of a given 
type X(a, b)Y per unit area per unit target nucleus per unit time. The cross-
section is generally expressed in units of barn which is equal to IQ-^" cm^. 
As such, the reaction cross-section may be represented as; 
a X(a,b) 
/n\ _ Number of events X(a,b)Y/area 
No<|.t 
(2.5) 
^7 
where. No is the number of target nuclei in the sample, ^ is the flux of 
incident beam and 't' is the time of irradiation of the samples. 
In order to determine the production cross-section of a particular reaction 
product, the quantities given in the denominator of the above equation are 
known and the quantities in the numerator i.e., the number of events of a 
given type X(a,b)Y are required to be measured. The number of events of a 
given type may be obtained from (a) on-line measurements, by recording 
the outgoing particles directly using particle telescopes accommodated in 
the irradiation chamber, and/or by (b) off-line measurements, by following 
the activities induced in the irradiated samples, only in case the radio-active 
residues (Y) are of measurable half-lives. As has already been mentioned, 
the irradiation of a sample by a particle beam may initiate various reactions 
in it, and many isotopes are likely to be formed by the process of 
transmutation. The rate of formation (N) of a particular activation product 
may be given by the expression, 
N=No(t)Ox(,b) (2.6) 
where, (j) is the flux of incident beam. No is the initial number of nuclei in 
the sample, and ax(a,b) is the reaction cross-section for that particular 
channel. 
The disintegration rate of the induced activity in a sample after a time 't' 
from the stop of irradiation may be given as; 
dN 
"dF Jt 
^ j ^ j [ l - e x p ( - X t , ) ] (2.7) 
exp(Xt) 
where, t, is the time of irradiation and A is the decay constant of the 
induced activity given as; 
X 
t 
n2^ (2.8) 
1/2 
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The factor [1- exp(-Xti)] takes care of the decay of residues during the 
irradiation and is typically known as the saturation correction. The number 
of decays of the induced activity in a very small time 'd f may be given as; 
exp(^t) 
If the activity induced in the irradiated sample is recorded for time duration 
U after a lapse time t2, then the number of nuclei decayed in time between 
h to (ta+ts) may be given as; 
^^^^j [ l -exp(-?.t , ) ] [ l -exp(-?i t3)] 
X.expCXtj) ^^-^^^ 
If the activity induced in the sample is recorded by a y-ray spectrometer of 
efficiency Gt, then absolute count rate 'C and observed counting rate 'A' 
may be related as; 
e.K.G, (2.11) 
where, A is the total counts recorded during the accumulation time X3 of 
the induced activity of decay constant X, the term 9 is the branching ratio 
of the characteristic y-ray and K=[{l-exp(-iJd)}/gd] is the self-absorption 
correction factor for the material of the sample of thickness d (gm/cm^) and 
of absorption coefficient \i (cmVgm) and GE the geometry dependent 
efficiency of the detector. 
Thus, ax(a,b) can be written as, 
/p\_ A. X, exp (X, tg)  
ax(a.b)l ; - N^.(,,.e.K.G,.[ l-exp(-?.t,)][ l-exp(-}tt3)] (2.12) 
Also, the count-rate at the time of stop of irradiation Ct=o can be given as, 
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_ AA,exp(A,t2) 
»=° - [ i_exp(-Xt3)] (2.13) 
The reaction cross-section ax(a,b) may be written with the help of above 
equations as, 
CTr(E)=,, ^ ^ ^ / y T T T T ^2.14) 
A FORTRAN program EXP-SIGMA based on the above formulations has 
been used for the determination of the reaction cross-sections of the 
reaction products. 
2.5.4 Experimental Uncertainties; error analysis 
Critical evaluation of uncertainties that are likely to introduce errors in the 
measured cross-sections reflects the quality of measurements. Some of the 
factors which may introduce errors in the present measurements are given 
in the following; 
1. Non-uniform deposition of the target material and in-accurate 
estimate of the foil thickness may lead to uncertainty in the 
determination of the number of target nuclei in the sample. Though, it 
is hard to know the uncertainty in the target thickness, however, to 
check the uniformity of the sample, the thicknesses of the samples, 
prepared by evaporation technique, were measured at different 
locations of the same sample by the a-transmission method. It is 
estimated that the error in the target thickness is < 1 % . 
2. During the irradiations, fluctuations in the beam current may result in 
the variation of the incident flux. Many tests were performed to check 
the time-integrated beam fluctuations and it was estimated that beam 
fluctuations may introduce errors of not more than 5% in the 
measured cross-sections. 
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3. Uncertainty in the determination of the geometry-dependent 
efficiency of the y-ray spectrometer may give rise to error in the 
production cross-sections. The HPGe detector efficiency was measured 
before and very frequently during the experiment, using calibrated 
sources of ®°Co and '"Eu. The efficiency curves were corrected for the 
acquisition system dead time. Statistical errors in counting of the 
standard sources may also give rise to errors in the efficiency, which 
were minimized by accumulating a large number of counts for 
comparatively larger times {— 5000 sec). Experimental data on the 
geometry-dependent efficiencies with j-ray energy at a fixed source-
detector separation has been fitted with a power law curve. The 
uncertainty due to the fitting of the efficiency curve is estimated to be 
less than 3%. The uncertainty in determining the efficiency may also 
appear due to the solid-angle effect, because the irradiated samples 
were not point sources like the standard source, but they had a 
diameter of = 4 mm. It is estimated that the error in the efficiency due 
to the solid-angle effect is less than 5%. 
4. The statistical errors in the evaluation of the y-ray intensity and the 
background subtraction were different for different observed residues 
and were separately evaluated. 
5. During the stack irradiation, the beam traverses the thickness of the 
material, thus the initial beam intensity may get reduced. It is found 
that the error due to the decrease in beam intensity is less than 2%. 
6. Dead time of counting is likely to introduce errors in determining the 
count rates. In all the measurements, the dead time of the 
spectrometer was kept <10% by suitably adjusting the sample-
detector distance and the corrections for it were applied to the 
counting rate. 
7. The loss of the product nuclei recoiling out of the sample may 
introduce large errors in the measured cross-sections. In order to 
reduce it, the thickness of the catcher foils placed just behind the 
target in EF measurements was kept sufficient to stop even the most 
energetic residues. Moreover, in the present measurements both the 
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sample and the catcher foils were counted together and hence, the 
losses due to the recoiling of nuclei is further avoided. 
Further, the uncertainties of the nuclear data like branching ratio, decay 
constant etc., which have been taken from the Table of Isotopes [8, 9] 
have not been taken into consideration. Considering all the possible sources 
of errors, the uncertainty in the absolute values of the cross-sections is 
estimated to be less than 15%, including statistical errors. 
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Chapter III 
COMPUTER CODES AND MODELS 
In a compound nucleus reaction two nuclei fuse togetlner to form an 
excited composite nucleus [1], which then decays either through particle 
and/or y-ray emission or by the process of fission. Formation of the 
compound nucleus is inhibited primarily by the electrostatic repulsion 
between the collision partners. At energies above the Coulomb barrier, the 
analysis of a complex interaction such as the compound nucleus formation 
and its subsequent decay could be explained through the application of 
statistical theory. Various computer codes viz., PACE4 [2], CASCADE [3], 
AL1CE91 [4] and SUMRULE [5] are available to perform such statistical 
model calculations. In the following sections, a brief description of these 
codes is presented. 
3.1 PACE4 
The statistical model code Projection-Angular-Momentum-Coupled-
Evaporation (PACE4) [2] is derived from the original code called JULIAN. 
It uses a Monte-Carlo procedure to determine the decay sequence of an 
excited nucleus using the Hauser-Feshbach formalism. The main advantage 
of Monte-Carlo calculations is to provide correlations between various 
quantities, such as particles and gamma-rays, or angular distribution of 
particles. Sequential decays are considered until any further decay is 
prohibited due to the energy and angular momentum conservation laws. A 
random number selection determines the actual final state to which the 
nucleus decays to and the process is, then repeated for other cascades until 
all the nuclei reach the ground state. The transmission coefficients for light 
particle emission (n, p, a) are determined using optical model potentials [6, 
7]. A fission decay mode is employed using a rotating liquid drop fission 
barrier routine [8], The code also provides event by event trace back of the 
entire decay sequence from the compound nucleus into any one of the exit 
channels. The fusion cross-sections are obtained from the Bass model [9]. 
There are two default level density options that are essentially derived 
from the Fermi gas formalism and are identical to constant temperature 
formalism at low energies. These are i) the determination of the parameter 
'a' and ii) 'a' is taken to be equal to A/K, where, A is the number of 
nudeons and K is constant factor. Independent of these options, rotational 
energy contribution Erot(J) can be selected in two ways viz., the spin cut-off 
parameter and the ground-state rotational energy of the finite-range 
rotating-drop model [10]. For values of A, Z or J beyond the range of 
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validity of Sierk's routine, the rotational energies are taken from the work 
of Cohen, Plasil and Swiatecki [11]. it has been observed that the code 
PACE4 is more accurate for high spins, close to the yrast line. The fission 
probability is calculated using the Bohr-Wheeler saddle point formalism 
[12]. The fission barriers are those of Sierk [10]. The code cannot be used 
for below barrier calculations. A special feature of the PACE4 code is its 
ability to provide information on energy and angular distributions of 
evaporated particles. This is obtained by tracking the distribution of 
projection through each cascade. The angular distribution of the emitted 
particles is determined at each stage of de-excitation. The code could be 
run with a large number of events (50,000) to obtain better statistics for 
the energy and angular distribution of residual nuclei. 
The partial cross-section for CN formation at angular momentum (l) and 
specific bombarding energy is given by. 
a, = ^ ( 2 ^ + l)T, 
47C 2 (3.1) 
where, A is the reduced wavelength and T{, the transmission coefficient 
given by, 
T,=[Uexp{i-i^,^)/dV (3.2) 
where, 5 is the diffuseness parameter and f^ ax is determined by the total 
fusion cross-section GF, since. 
^=0 (3.3) 
It may be pointed out that code PACE4 performs only the statistical 
equilibrium model calculations and does not take pre-equilibrium (PE) and 
in-complete fusion processes into consideration. 
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3.2 CASCADE 
The code CASCADE [3] is based on Hauser-Feshbach theory [13] for 
compound nucleus calculations and is frequently used to calculate the 
reaction cross-sections for heavy-ion interactions. It is assumed that the 
compound nucleus has lost memory about its formation by the time a 
thermodynamic equilibrium is attained. The code computes the reaction 
cross-sections for product nuclei, both stable and radioactive in the ground 
state formed by the de-excitation of the compound nucleus. The decay 
probabilities are determined by the level densities of the daughter nuclei 
and the barrier penetrability for the various channels. This code also does 
not take into account the possibility of pre-equilibrium emission and/or in-
complete fusion. However, the present version of the code includes fission 
competition for which the liquid drop fission barrier is assumed. Some of 
the input parameters like the mass of nuclide and the transmission 
coefficients for the emitted particles are computed using subroutines MASS 
and TLCALC respectively, for the region of interest and are stored 
permanently on the disc. The optical model potentials of Becchetti and 
Greenlees [14] are used for calculating the transmission coefficients for p 
and n, while optical model potential of Satchler [15] is used for a-particles. 
Fermi gas model is used for calculating the level densities for the product 
nuclei. At low excitation energies, the parameters can be determined 
empirically, however, attention is required for the spin dependence of level 
densities in the region of high excitation. This is because of the high angular 
momenta involved in heavy ion reactions. The partial cross-section for the 
formation of the CN of spin J and parity n from a projectile and a target 
nuclei of spins Jp and Jj respectively, at the center of mass energy E is given 
by [16], 
a(J,7i;)=—7 ^ , , ' r y Y T . (E) 
47i(2Jp + l ) (2J ,+ l ) s=p f l j , | , 4 l s | (3.4) 
here, T^ is the transmission coefficient which depends on the energy and 
the orbital angular momentum. S=(Jp -t-Jj) is the channel spin. The J{ as a 
function of angular momentum is approximated by a Fermi distribution; 
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T = ' 
' ] + exp[-{i-i^)/d] ^33^ 
where, £o is the grazing angular momentum and d is the diffuseness 
parameter. 
In case of even-even nuclei, the spins of the projectile and the target nuclei 
are taken as zero. The partial cross-section in that case is given as, 
a, = ^ ( 2 f + 1)T,(E) 
^^ (3.6) 
while, the total cross-section (CTO is given by, 
^t = ^ X ( 2 ^ + 1)T,(E) 
47t ^=0 (3.7) 
The total fusion cross-section for the maximum angular momentum ^^  of 
the CN is given by. 
^f = 7 ^ 5 : (2^ + 1)T,(E) 
(3.8) 
In statistical model calculations, the critical angular momentum ^^  for CN 
fusion may have a sharp limit, or may have some overlap from c^ to higher 
£ determined by the diffuseness parameter d. 
The level density p at an excitation energy E and spin J is given by [17], 
p(E,j)=co(E,M=J)-co(M=J + l) (3 9) 
with the level densities, 
co(E,M) = C O ( E - M 2 /aR,0),ca(E,0) = — ^ = ^ e x p ( 2 V ^ ) 
U^JRah^ (3.10) 
and the equation of state, 
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U = E - A = a t ^ - - t 
(3.11) 
here, a is the level density parameter which determines the energy 
dependence, A is the pairing energy which determines the zero point of the 
effective excitation energy U = E-A, and ' f is the thermodynamic 
temperature given by the equation of state. The spin dependence is 
determined by the parameter aR=2\/h^, where, '1' is the effective 
moment of inertia obtained from the low lying states. Generally, 'p is taken 
as, 
l = ^ m r 2 
5 (3.12) 
with, r =roA'/^ 
The level density formula implies a yrast line, 
E,,,(J) = J(J + l ) /aR + A = -'^^+)^^'+A. 
"^ ' (3.13) 
When large range of excitation energies are involved, the parameters used 
should be energy dependent. Therefore, the entire energy region is divided 
into three groups viz., (i) for low excitation energy E^3 to 4 MeV, shell 
effects and the pairing correction have to be taken into account. At E" ^ 2 
to 4 MeV, experimentally known levels are used particularly in the case of 
light nuclei, (ii) In the medium excitation energy (4<E<10 MeV) region, 
the analytic level density formula is applied. The parameters 'a' and 'A' can 
be determined empirically for each nucleus as was done by Vonach &. Hi Hie 
et. al., [18] and Dilg et. al., [19] and (iii) However at high excitation 
energies E^ELDM, it is assumed that all nuclei behave as predicted by liquid 
drop model (LDM). Analytical form of Fermi gas level density is used here 
and both the parities are assumed equi-probable. The parameter 'a=aLDM' is 
taken to be (1/8)A MeV-'. The pairing shift 'ALDM' is calculated assuming 
that the virtual ground state for the level density in this region should 
coincide with the ground state energy of a spherical liquid drop which can 
be calculated from one of the following options i.e., i) Myers-Swiatecki 
mass formula [20] ii) Dilg et. al. [19] and iii) Ramamurthy et. al. [21]. 
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3.3 ALICE-91 
The code ALlCE-91 [4] is based on the Weisskopf-Ewing model [22] for 
compound nucleus reaction while the pre-equilibrium emission is simulated 
within the framework of Hybrid/Geometry Dependent Hybrid Model [23, 
24]. In this code the possibility of in-complete fusion is not taken into 
account but it can compute statistical fission cross-sections using Bohr-
Wheeler approach [12]. The code considers the emission of neutrons, 
protons, deuterons and/or a-particles. The code may calculate the reaction 
cross-sections for the residual nuclei upto 11 mass and 9 atomic number 
units away from the compound nucleus. Myers-Swiatecki/Lysekil mass 
formula [20] is used for calculating Q-values and binding energies of all the 
nuclei in the evaporation chain. The inverse reaction cross-sections used in 
the code are calculated using the optical model [25] subroutines. The 
transmission coefficients for heavy ions are calculated using the parabolic 
model of Thomas [26]. The pre-equilibrium calculations in this code are 
done assuming equipartition of energy among the initially excited particles 
and holes. The important input parameters required in this code are, the 
level density parameter a, the initial exciton number no and the mean free 
path (MFP) multiplier COST. The MFP for intra-nuclear transitions may be 
calculated from the optical model of Becchetti and Greenlees [14] or from 
Pauli corrected nucleon-nucleon cross-sections [27, 28]. The MFP multiplier 
COST is used to adjust the nuclear mean free path in order to reproduce 
the experimental data. It accounts for the difference, if any, between the 
calculated and the actual MFPs for two-body residual interactions. Level 
densities of the residues may be calculated either from the Fermi gas model 
or from the constant temperature form. The Fermi gas model gives [29], 
p ( U ) = ( U - 5 ) - ^ / ^ e ' ^ ^ ^ ^ ^ 
(3.14) 
where, 6 is the pairing term and U is the excitation energy of the nucleus. 
The level density parameter a is taken as A/K, where, A is the mass number 
of the nucleus and K is an adjustable parameter. The level density p(U) in 
constant temperature approach is given as [30], 
p(U)oc le^ / -^ 
T (3.15) 
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The differential cross-section for emitting a particle of type v with channel 
energy e may be written as; 
de^ 4 7 t ^ ^ l ftfol j=|i-^| (3.16) 
where, X is the de-Broglie wavelength of the incident ion, T[ the 
transmission coefficient of the V^ partial wave of the incident ion, p(£,J) the 
spin dependent level density for the residual nucleus, D the integral of 
numerator over all particles and emission energies, e the excitation energy 
of the compound nucleus. Sv is the intrinsic spin of the particle v, T^(e) is 
the transmission coefficient for the particle v with kinetic energy E and 
orbital angular momentum I. 
In the Weisskopf-Ewing calculations, the nuclear moment of inertia is 
assumed to be infinite and hence there is no energy tied to rotation. As 
such, there is no level density cut-off at high spin. This code does not take 
into account the angular momentum involved in heavy ion reactions. 
However, the heavy ion projectile imparts large angular momentum to the 
composite system which has a finite moment of inertia. Hence, the 
composite nucleus has large rotational energy. Due to nuclear rotation, a 
nucleus with a given angular momentum J, cannot have energy below a 
minimum value E™", which is given by, 
E r = j ( j + i ) ^ 
21 (3.17) 
here, 1 being the moment of inertia of the composite nucleus. 
If in the last stages of nuclear de-excitation, higher angular momentum of 
the nucleus inhibits particle emission more than it does y-emission, then the 
peak of the excitation functions corresponding to particle emission mode 
will be shifted to higher energy [31]. A similar shift may also be produced if 
the mean energy of the evaporated particles increases with increasing 
nuclear spin. One way of obtaining an estimate of the overall energy shift is 
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from the nuclear rotational energy. Assuming the excited nucleus to be the 
rigid body, the rotational energy may be given by E^ot «(m/M)E|ab, where, 
m/M is the ratio of the projectile and target masses and E|ab is the incident 
energy [31]. To account for the large angular momentum imparted to the 
composite system in heavy ion reactions, it is desirable to shift the energy 
axis of excitation functions calculated with code ALICE-91 [3], by the 
amount of the rotational energy Erot. 
3.4 SUMRULE MODEL 
The SUMRULE [5] model is based on the idea of partial statistical 
equilibrium and the generalized concept of critical angular momentum. 
With the help of this model, one can calculate absolute cross-sections for 
complete fusion, in-complete fusion and other binary reactions, which 
presumably proceed via the formation of di-nuclear system. Wilczynski et. 
al. [5], assumed that the transfer of mass may only take place if the angular 
momentum of relative motion of the captured fragment with respect to the 
absorbing nucleus is smaller than the critical angular momentum (£<€„)• 
The critical angular momentum £„ (based on liquid drop model) is 
calculated with the help of the following formulation. 
^(Ci+Qf 
n^ 
47r/ 
C1C2 Z ,Z2e ' 
c,+c2 (Q+c^r (3.18) 
where, C,, C2, Z, and Z2 are the half-density radii and charges of two 
interacting nuclei, respectively, while yis the surface tension coefficient. The 
half-density radii may be calculated using the expression [32], 
C = R | , - 4 ^ I 
[ R^  J (3.19) 
where, b= l fm and R = (1.28A'/3 - 0.76-f-0.8Ai/-3) fm. The surface tension 
coefficient y is given as, 
Y = 0.95(1 - 1.78 F) MeV.fm^ (3.20) 
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As concluded by Bondorf et. al. [33], the reaction probability for a given 
channel P(i) is proportional to the following exponential factor. 
P(i) exp-
(Qgg(i) - QcO))' 
(3.21) 
where, Qgg is the ground state Q-value, T the effective temperature and 
Qc(i)[=(ZbZY-ZaZx)eVRc] is the change in the Coulomb interaction energy 
due to the transfer of charge. The Za, Zx, Zb and Zy are, respectively the 
charges of the initial and of the final ions. 
Under the assumption of the smooth cut-off in the C space for each 
individual reaction channel i, the transmission coefficient Tf(i) is given as. 
T,(i) 1+ exp (^  - l^imO))' 
-1-1 
(3.22) 
Here, tnmO) is the limiting angular momentum in the reference frame of 
entrance channel and A the diffuseness of the cut-off in the T(, distribution, 
respectively. 
The absolute cross-section for a reaction channel (i) is given by the 
expression. 
'max 
O{\) = KX^ £ (2^ + 1) 
f = 0 
T;(i)P(i) 
XjT.a)P(J) (3.23) 
where, A,= 
2|LiE is the reduced wavelength associated with the entrance 
channel in the center of mass system and [^^ is the angular momentum 
that confines the range of partial waves leading to formation of the di-
nuclear system. 
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The model contains three free parameters, one is the effective temperature 
T, second the effective Coulomb interaction radius Re and the third is 
diffuseness A of the T{ distributions. The second and third parameters are 
purely empirical in nature, while T has no clear interpretation. 
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Chapter IV 
MEASUREMENTS 
With a view to study the complete fusion (CF), in-complete fusion (ICF) 
and the role of break-up processes in nuclear reactions induced by energetic 
'^O ions, experiments have been performed to measure the excitation 
functions (EFs), forward recoil range distributions (FRRDs) and angular 
distribution (AD) of the radio-nuclides populated via these processes. The 
systems studied, the type of measurements and the energy range covered in 
these measurements for different systems are mentioned in Table 4.1. 
Table 4.1: A list of systems studied, type of measurements done alongwith 
the energy range covered. 
S. No. Systems Studied Measurements Energy Range (MeV) 
1. '^O -1- 's'Ta EFs « 76-100 
2 '^O + i°3Rh EFs =^56-85 
3. '^O + 27A1 EFs ===60-94 
4. I60 + is.ja FRRDs =81, 90 & 96 
5. '^ O + "Al ADs «85 
in the present work , EFs for twenty seven reactions viz.. 
'8'Ta(0, 3n)'54T|s, 
'8iTa(0,4n)'53Th, 
i«Ta(0, p3n)i53Hgg, 
'8Ta(0 , p5n)i5'Hgg, 
'«'Ta(0, a2n)'9'Aus, 
'°3Rh(0, p3n)"5Te"^, 
'°3Rh(0, 2an ) " ° I n^ 
^8Ta(0, 3n)'5^Th, 
'8'Ta(0,5n)i52Tl8, 
'«'Ta(0, p3n)'93Hg"^, 
'8Ta(0 , pSnj'^'Hg"^, 
'8'Ta(0, a3n)'9°Aus, 
'°3Rh(0, p4n)"4Te, 
'03Rh(O, 2a3n)'°8Ing, 
' «Ta(0 , 4ny^'TK 
'8 'Ta(0, 5n)i52TI-, 
'8'Ta(0, p4n)'92Hg, 
i8iTa(0, an)i52Aus, 
i°3Rh(0, p3n)"=Teg, 
'°3Rh(0, 2an)"°lng, 
'°3Rh(0,2a3n)'°8|n'^, 
2^AI(0, 3a3p)28Mg, '°5Rh(0, 3a4n)'°3Agg, ^7^1(0, 2an)34CI, 
" A l ( 0 , 3a3pn)27Mg, ^7^1(0, 4a2pn)24Na and " A l ( 0 , 4a3p)24Ne, 
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have been measured using the activation technique. The details of these 
measurements for each reaction are given in section 4.1. Further, in order 
to determine the degree of linear momentum transfer and to study the 
energy dependence of CF and ICF processes, the FRRDs for the following 
twelve radio-nuclides produced in '^O+'^'Ta system at three different 
projectile energies =81, 90 and 96 MeV have been measured; 
'8'Ta(0, 3n)'54TI, 'STa(0, AnV^'Tl '8iTa(o,5n)'52TI, 
'8'Ta(0, p3n)^53Hgg, '8173(0, p3^)'5^Hg^ '8Ta(0, p4n)'52Hg, 
'8'Ta(0, p5n)'9'Hgs, '«'Ta(0, p5n)i9'Hg^ '^TaCO, an)'52Aus, 
^«'Ta(0, a2n)'5iAu §, '8173(0, aSnj'^oAu« and '8Ta(0, 2a3n)'861rs. 
In order to obtain complementary information about the linear 
momentum transfer from projectile to the target nucleus, AD of residues 
produced in '^O + ^^Al system has also been measured at incident beam 
energy =85 MeV. The details of these FRRDs and angular distribution 
measurements are described in section 4.2 &. 4.3 respectively. To the best 
of our knowledge most of the presently measured EFs and the RRDs are 
being reported for the first time. 
4.1 THE EXCITATION FUNCTIONS 
4.1.1 '^O+'sija System: 
The excitation functions (EFs) for fourteen reaction residues [1] in the 
system '^O+'^ifa, have been measured in the energy range —76 to 100 
MeV. A list of the reactions, residues, their half-lives, characteristic y-rays 
identifying the residue, spin-parity (J") and the corresponding branching 
ratios are given in Table 4.2. The residues have been identified by their 
characteristic y-rays and also from the measured half-lives using decay curve 
analysis. In general, a residue populated via a specific reaction channel 
often emits several y-rays of different energies. In such cases, the cross-
sections for the individual channels have been determined from the 
measured intensities of several characteristic y-rays and the value quoted is 
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the weighted average of cross-sections obtained for these y-rays [2]. Each 
reaction has been discussed in detail in this section. 
Table 4.2: A list of the reaction products populated (via CF and/or ICF) 
through different reaction channels and their spectroscopic properties. 
S. No. Reaction Residue Half-life 
(T1/2) 
Spin 
(J") 
Energy of 
y.ray (keV) 
Branching 
ratio (%) 
1. '8Ta(0, 3n) 194TIg 33 m 2- 636.1 15.3 
2. '8Ta(0, 3n) 194Y|m 32.8 m 7+ 636.1 99.0 
3. '8Ta(0, 4n) 193T|g 21.6 m (1/2)- 324.4, 1044.7 15.2, 8.99 
4. '8'Ta(0,4n) I93-p|m 2.1 m (9/2)- 365.0 90.1 
5. '8'Ta(0,5n) 192T|g 9.6 m 2- 422.9 31.1 
6. '8iTa(0, 5n) 192-]-|m 10.6 m 7+ 422.9 31.1 
7. i8iTa(0, p3n) 193Hg8 3.8 h (3/2)- 381.6, 539.0, 
827.8, 861.1, 
1118.8 
11.0,1.2, 
4.0, 13.0, 
8.3 
8. '8'Ta(0, p3n) 193 Hgm 11.8 h (13/2)+ 258.1 60.0 
9. '8'Ta(0, p4n) .92Hg 4.85 h 0+ 274.8 50.4 
10. '8Ta(0, p5n) '5'Hg8 49 m (3/2)- 224.6, 241.2, 
331.7 
17.4, 8.9, 
11.24 
11. '«Ta(0, p5n) 191J-lgm 50.8 m (13/2)+ 420.3, 578.7 17.9, 17.0 
12. '8'Ta(0, an) IMAu? 4.94 h 1- 295.5, 316.5 22.7, 58.0 
13. '8>Ta(0, a2n) I91AU8 3.18 h (3/2)+ 283.9, 399.8 6.3, 4.5 
14. '8'Ta(0, a3n) 190Au« 42.8 m 1- 295.9, 301.9 71.0, 25.1 
0^0, xn) Channels 
In the case of xn channels, there is no likely-hood of ICF and, therefore, 
these channels are considered to be populated only by CF processes. 
i8Ta(0, 3n) channel [Residue=i94T|g, Tv2=33 m, J"=2-] 
[Residue=i94T|m, Tv2=32.8 m, J"=7+] 
The evaporation residue ^^^ji j j formed by the fusion of ^^ O with '^ija 
forming an excited composite system '^T l , followed by the emission of 
three neutrons. The residual nucleus '^^jl is populated in ground ('^ ''TIs) as 
well as in the meta-stable state ('^^Th). From the analysis of the 
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experimental data, activities of the residues (corresponding to 3n clnanne!) 
were identified. The identification was done both, on the basis of measured 
half-lives using decay curve analysis and also by the characteristic y-ray 
energies of the residues. In both these cases, the meta-stable and ground 
states have y-rays of nearly the same energy (but of different intensities) 
and half-lives. As such, the observed composite decay curve gives the 
contribution due to sum of both the states. Hence, individual production 
cross-sections for meta-stable and ground states of '^''Tl were obtained by 
dividing the measured composite cross-sections in the ratio of their y-ray 
intensities [3, 4]. 
'8Ta(0, 4n) channel [Residue='93T|g, T,/2=21.6 m, J'^=l/2+] 
[Residue='937|m^ Ti/2=2.1 m, J^=9/2] 
The evaporation residue '^^Tl is populated by the emission of four neutrons 
from the excited composite system '^Tl produced in the interaction of '^O 
with '^'Ta. The residual nucleus '^ ^Tl has two states, the ground state ('^ ^Tl^ ) 
as well as the meta-stable state C'^ Tl""). The meta-stable state of half-life 
=2.1 m decays to the ground state, which has a half-life of ==21.6 m. Since, 
the counting of the irradiated samples was done after about 10 min., from 
the cessation of irradiation, the meta-stable state of this residue could not 
be observed. The measured cross-sections for the ground state also contain 
contribution (<0.38%) from the meta-stable state. As such, an upper limit 
for the cross-sections for the independent production of the meta-stable 
state has been determined and is given in Table 4.3. 
i8Ta(0, 5n) channel [Residue=i92T|g, Tv2=9.6 m, J'^=2-] 
[Residue='92TI'", Tv2=10.6 m, J'^=7+] 
The evaporation residue '^^jl (5n) is formed by the fusion of '^O with '^'Ta 
forming an excited composite system '^Tl , followed by the emission of five 
neutrons. The residual nucleus '^ ^Tl has both the ground state as well as the 
meta-stable state. The meta-stable and the ground states of '^ ^Tl decay with 
y-rays of nearly the same energy (422.9 keV), same intensities and half-
lives. As such, the observed composite decay curve gives the contribution as 
sum of both the states. The cross-section obtained from the composite 
decay curve was divided equally between the two states. 
59 
Table 4.3 Experimentally measured cross-sections for the residues 
populated via xn (x=3, 4 & 5) channels in the fusion of '^O with '^'Ta. 
Lab Energy 
(MeV) (mb) (mb) (mb) 
oC'n'l'")* 
(mb) 
a C'^ Tls) 
(mb) 
a C'^l'") 
(mb) 
76 ± 1.1 2±0.2 2+0.2 26±3.8 0.1 ±0.01 - -
80 ± 1.5 6±0.8 6+0.8 45±6.8 0.2±0.02 22±3.0 22±3.0 
85 ± 1.2 4±0.5 4+0.5 68±10.2 0.3±0.03 61±9.1 61±9.1 
87 ± 1.0 3 ±0.4 3 ±0.4 46±6.9 0.2 ±0.02 44±6.5 44±6.5 
88 ± 1.6 2±0.2 2±0.2 44±6.5 0.2±0.02 91±13.7 91±13.7 
93 ± 1.1 2±0.3 2.5±0.3 35±5.2 0.1 ±0.01 184+27.6 184±27.6 
97 ± 1.0 1.5+0.2 2±0.3 15±2.3 0.1 ±0.01 171+25.5 171±25.5 
99 ± 0.9 1±0.1 1±0.1 17±2.5 0.1 ±0.01 222±33.3 222±33.3 
*Cross-section values give an upper limit. 
P^O.Pxn) Channels 
Like the xn channels, in the case of pxn channels also, there is no likely-
hood of ICF and, therefore, these channels are also populated by CF 
process only. The individual reaction channels are described here. 
i8Ta(0. p3n) channel [Residue='93Hgg, Tv2=3.8 h, J"=3/2 ] 
[Residue='93Hgm, T,/2=n.8 h, J"=13/2+] 
The evaporation residue '^^Hg may be formed by the evaporation of a 
proton and three neutrons from the excited composite system ^^Tl formed 
in the interaction of '^O with '^Ta. The residual nudeus'^^Hg is populated 
in ground as well as meta-stable state. The meta-stable and ground states of 
the residues '^^Hg decay with different half-lives. Cross-sections for the 
production of 's^ngm gnd '^ sHgs have been determined separately from the 
intensities of their characteristic y-lines and are presented in Table 4.4. 
Further, the ^^^Hg residues may also be populated by the pVEC decay of 
the higher charge isobar precursor '^ ^Tl formed by the reaction channel 
i8ija(i6o,4n). The production of the residue '^^Hg via both the processes 
may be represented as; 
.T|*_^193 
16/ 181 0+'«'Ta ^ ' ^ ' T I * - ^ 
Hg -HpSn; (Independent decay) 
'^^Tl* + 4n; 
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193^1 V. P V E C ^ 193Hg. (Precursor decay) 
As such, the measured activity of '^^Hg may have the contributions from its 
independent production via p3n channel and also from the [3"^/EC decay 
of its higher charge isobar precursor. 
i8Ta(0, p4n) channel [Re$idue=i92Hg, T,/2=4.85 h, J''=0+] 
The residue '^^Hg is likely to be formed by the fusion of '^O with '^'Ta 
forming an excited composite system '^Tl followed by the evaporation of 
a proton and four neutrons. Further, the residue '^^Hg may also be 
populated by the PVEC decay of higher charge isobar precursor '^^ji^ 
formed by the reaction channel '^'Ta('^0,5n). The measured activity of 
'^^Hg may have the contributions, both from its higher charge isobar 
precursor decay as well as from its independent production. The 
production of this residue may be represented as; 
'^0+'«^Ta -. -^Tl ^ -. ' - H g +p4n; (..dependent decay) 
192JI * P^/EC ^ 192,_, 
^ ' (Precursor decay) 
'8Ta(0, p5n) channel [Residue=i9iHg8, T,/2=49 m, J"=3/2-] 
[Residue='9iHg^ Ti/2=50.8 m, J"=13/2+] 
The residue '^'Hg may be formed by the emission of a proton and five 
neutrons from the excited composite system '^Tl formed in the fusion of 
\6Q + isija j he meta-stable and ground states of this residue, emit y-rays of 
different energies and intensities. The cross-sections for the production of 
'^'Hg have been determined for both the ground and meta-stable states 
separately using the intensities of their characteristic y-rays. The measured 
cross-sections are presented for both the states in Table 4.4. Further, the 
residue '^'Hg may also be populated by the pVEC decay of higher charge 
isobar precursor '^'Tl formed by the reaction channel '«'Ta('^0,6n). As such, 
the measured activity of ^^ ^Hg may have the contributions from its 
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independent production via p5n channel as well as from higher charge 
isobar precursor decay. The formation of this residue via both the above 
processes may be represented as; 
i6o+i8iTa ^ '^^Tl 
191 j i ,v P'^/EC ^ 
-^ '^'Hg +p5n; (independent decay) 
191i Hg; (Precursor decay) 
in the case of p3n and p4n channels, the contributions of precursor decay 
could not be determined because of either the in-complete decay or the 
unknov^n decay characteristics of the precursor. For example, in the case of 
the p4n channel, the cross-sections for the independent decay of precursor 
formed by the 5n channel are found to be higher than the cross-sections for 
residue "^Hg populated by the p4n channel. This may happen, if the 
precursor does not feed the residue '^^Hg formed by p4n channel. As such, 
the decay schemes of '^^Hg and '^^Hg need further investigation. The cross-
section values quoted in Table 4.4, for these reactions also contain 
precursor contribution, if any, in the case of p3n and p4n channels. 
However, in the case of the p5n channel, the precursor ^^'Tl, which may be 
produced by a 6n channel, is not likely to be produced in the present 
experiment on account of its higher threshold (^100 MeV). As such, the 
cross-section of '''Hg(p5n) may be considered as due to the independent 
production of this residue. 
Table 4.4 Experimentally measured cross-sections for the residues 
populated via pxn (x=3, 4 &. 5) channels in the interaction of '^O with 
isiTa. 
Lab Energy 
(MeV) 
a ("5Hg8) 
(mb) (mb) (mb) 
a C"Hg«) 
(mb) 
(I C''Hg™) 
(mb) 
76 ± 1.1 23±3.5 8±0.8 - - -
80 ± 1.5 47+7.0 21±2.I 4 + 0.5 - -
85 ± 1.2 60±8.9 30±3.0 40 + 6.0 - -
87 ± 1.0 49±7.4 22±2.2 36 + 5.5 - -
88 ± 1.6 42±6.2 24±2.3 65 + 9.8 3±0.5 0.3 ±0.04 
93 ± 1.1 29±4.4 13±1.3 121+18.2 5±0.7 3±0.5 
97 ± ].0 I2±1.7 8+0.7 131±6.0 7±0.9 8±1.2 
99 ± 0.9 10±1.5 6±0.5 154±23.2 14±2.1 18 + 2.7 
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r^O, gxn) Channels 
In the case of axn channels, the residues may be formed in two ways; (i) by 
CF of '^O+'^Ta, followed by the formation of an excited composite 
nucleus, from which, the evaporation of neutrons and a-particles takes 
place and/or (ii) on the other hand, the '^O ion breaks-up into fragments (a 
+ '^C, ^Be + ^Be or '^ C + a), out of these, one of the fragments fuses with 
the target nucleus leaving remaining part of the projectile as spectator. The 
excited nucleus formed by the fusion of one of the fragments, from the 
projectile, may emit neutrons/light ions while de-exciting. In the present 
work, three a-emitting channels viz., an, a2n and a3n have been observed. 
The measured cross-sections for the population of these residues at different 
energies are presented in Table 4.5. 
i8Ta(0, an) channel [Residue=i92Aug, T,/2=4.94 h, J^=l-] 
The "^Au residues are likely to be produced by i) the CF process in the 
interaction of '^O with '^'Ta followed by the evaporation of an a-particle 
and a neutron from the composite system ' ' T l " and also by ii) the ICF 
process, assuming that the '^O ion breaks-up into a-l-'^ C fragments and one 
of the fragments '^ C fuses with the target nucleus '^'Ta forming '^^Au- in the 
excited state, which decays by emitting a neutron leaving an a-particle as 
spectator. In this case also the meta-stable state of '^^AU (half-life ==160 m 
sec) could not be measured because of the experimental limitations. The 
measured cross-sections for this channel may include contributions from 
both the CF and ICF processes of the types; 
Complete fusion of '^O, i.e., 
16 O + 181T3 _ , 197 J , ,, _^ 192^^ ,, + „ + r,. 
In-complete fusion of '^O, i.e., 
^^o('^C+a)+'^'Ta ^^^^Au''= + «; (Spectator) 
193Au' ' -^ '''Au^''+ n 
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i8Ta(0, a2n) channel [Residue=i9iAug, T,/2=3.18 h, J"=3/2+] 
The residues '^'Au may also be produced by the CF and/or ICF processes. 
In case of CF, the composite system '^Tl decays by the evaporation of an 
a-particle and two neutrons. While, in case of ICF, the same residual 
nucleus may also be produced, assuming that the ^^ O ion breaks-up into 
a+'^C fragments and one of the fragments '^ C fuses with the target nucleus 
'^Ta, forming ^^^Au* in the excited state which decays by emitting two 
neutrons leaving an a-particle as spectator. The meta-stable state '^^Au"' of 
half-life —0.92 sec. could not be measured because of very short half-life. 
The measured cross-sections for this residue include the contributions from 
both the CF and ICF processes of the types; 
Complete fusion of '^O, i.e., 
^^0 + ^^ T^a ^ '^^ Tl * ^ ^^ A^u * + a + 2n 
In-complete fusion of '^O, i.e., 
^'^Au*^ ^^'AU8*+ 2n 
i8Ta(0, a3n) channel [Residue=i90Aug, T,/2=42.8 m, J'^=l-] 
Similar to the an and a2n channels the '^°Au residues may be populated 
both by the CF and/or ICF processes of the types; 
Complete fusion of '^O, i.e., 
i6o + '8iTa ^ w - ^ i * ^ i 9 0 A u * + a + 3n 
In-complete fusion of '^O, i.e., 
- 0 ( - C . a K - T a - > - A u ^ . a ; ( S p , , , , , , , ^ 
193AUV.-> I 5 ° A U 8 * + 3n; 
In this case also the meta-stable state ('^ oAu'^ ) could not be observed 
because the half-life of this residue is only 125 msec. 
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Table 4.5 Experimentally measured cross-sections for the residues 
populated via axn (x= l , 2 & 3) channels in the interaction of '^O with the 
'«'Ta. 
Lab Energy 
(MeV) 
a ('92Aus) 
(mb) 
a('9'Au8) 
(mb) 
a (i^oAus) 
(mb) 
80 ± 1.5 2 ± 0 . 2 - -
85 ± 1.2 10±1.5 - 8±1.3 
87 ± 1.0 12±1.8 2±0 .3 6 ± 0 . 8 
88 ± 1.6 31 ±4 .6 2±0 .3 23±3 .5 
93 ± 1.1 46±6 .9 3±0 .5 2 0 ± 2 . 9 
97 ± 1.0 63±9 .5 14±2.1 4 0 ± 5 . 9 
99 ± 0.9 50±7 .5 22±3 .2 21±3.2 
4.1.2 '6O+i03Rh System: 
In case of '^0-l-'°^Rh system the excitation functions (EFs) for eight reactions 
[5], have been measured in the energy range =46 to 85 MeV. A list of the 
reaction residues, their half-lives, characteristic y-rays used for identification 
of the residues and their branching ratios etc., are given in Table 4.6. 
Table 4.6 List of reaction products alongwith reaction channels and their 
other spectroscopic properties in the '^0-l-'°^Rh system. 
S. No. Reaction Residue Half-life 
(T1/2) 
Spin 
(J") 
Energy of 
y-ray (keV) 
Branching 
ratio (%) 
1. '03Rh(O, pn ) ii7Tes 62 m (1/2)- 719.7 
1090.7 
64.7 
6.9 
2. '°3Rh(0, p2n) n6Te 2.49 h 0+ 628.7 1.0 
3. '°3Rh(0, p3n) ii5Te8* 5.8 m (7/2)- 1326.8 
1380.5 
22.7 
23.0 
4. '03Rh{O, p3n) ns jgm* 6.7 m (1/2)- 770.3 34.2 
5. '°3Rh(0. p4n) I M f g * 15.2 m 0- 244.6 
726.5 
33.0 
43.0 
6. '03Rh{O, 2p) "'Sb 2.8 h (5/2)- 158.6 85.9 
7. '03Rh(O, 2p2n) "5Sb 32.1 m (5/2)- 497.4 
489.1 
98.0 
1.3 
8. '03Rh(O, 2a) "'Ins 2.8 d (9/2)- 171.3 90.2 
65 
245.4 94.0 
9. '03Rh(O, 2an) iioing* 4.9 h 7+ 641.6 
884.6 
937.4 
25.9 
92.9 
68.4 
10. '03Rh(O, 2an) 110|pm* 1.15 h 2+ 657.7 
1235.6 
98.0 
0.26 
11. '°3Rh(0, 2a2n) io9ing 4.2 h (9/2)^ 203.2 
623.6 
73.5 
6.0 
12. '03Rh(O, 2a3n) losing* 58 m 7+ 242.7 38.0 
13. '03Rh(O, 2a3n) I08|pnnA 39.6 m 2+ 311.9 
968.0 
1.01 
4.38 
14. '03Rh(O. 3an) lOey^gm 8.28 d 6+ 451.0 
717.4 
27.6 
29.0 
15. '03Rh(O, 3a3n) 104/^gg 69.2 m 5+ 767.8 
555.8 
65.9 
92.8 
16. '03Rh(O, 3a4n) lOSAgg* 65.7 m (7/2)- 146.0 28.3 
It may be pointed out that the residues marked with "*" in this table have 
been studied presently. However, in order to have completeness, other 
residues studied [6] by our group have also been included in the Table 4.6. 
The residues presented in this table are likely to be populated both via CF 
and/or ICF reactions. 
r^O.pxn) Channels 
i03Rh(O, p3n) channel [Reslclue="5Te«, Ti/2=5.8 m, J"=7/2+] 
[Residue="5Te^ Ti/2=6.7 m, J " = V 2 i 
The residue "^Te may be formed by the CF of '^O with i°^Rh forming an 
excited composite system "^I followed by the emission of a proton and 
three neutrons. The residual nucleus "^Te is produced in the ground state 
("=Te8) as well as in the meta-stable state ("STe'"). The meta-stable and 
ground states of the respective residues emit y-ray$ of different energies. 
The activities of both the residues (corresponding to p3n channel) were 
identified by measuring the half-lives using decay curve analysis and by the 
characteristic y-^ay energies. Further, the residue "^jg may also be 
populated by the pVEC decay of higher charge isobar precursor "=l formed 
by the reaction channel i°3Rh(0, 4n). As such, the measured activity of " T e 
66 
may have the contributions due to its independent production and also 
from its higher charge isobar precursor decay. The formation of this residue 
via CF and from its higher charge isobar precursor may be represented as; 
16-->,103ni, . 119,,. . 115-
' O V - R h ^ -!=•' ^ - T e + p3n; (..dependent decay) 
'^0+'°^Rh _>"^ I^ 'w"5p ' ' + 4n; 
115|yc P+/EC ^ 115-j-g 
(Precursor decay) 
The residue "^ 1 (populated via 4n channel) of half-life —1.3 m could not be 
observed because of short half-life. To separate out the contribution of 
higher charge isobar precursor from the residue "^Te, the cross-sections of 
the higher charge isobar precursor " ^ I , have been taken from theoretical 
model code PACE4 [7], which is based on the Hauser-Feshbach approach. 
The contributions due to the decay of precursor isobar "^ 1 to the residues 
"s-j-gg.m [^ ave been separated out by using the standard successive radio-
active decay formulations [8]. In this case, the half-life (1.3 m) of precursor 
is considerably smaller than the daughter nucleus ("^Te). As such, the 
independent production cross-section (oind) has been estimated from the 
cumulative production cross-section (ocum). The OcumOf a given residue is the 
sum of Oind and the cross-section for the independent production of its 
precursor Cpre, multiplied by a numerical coefficient Fp, i.e.. 
The value of Fp depends on the branching ratio Pp for the precursor decay 
to the residue and is given by [8]; 
T.^/2 
F. = P, '""^ 
P -^P j l / 2 _ - r l / 2 (4.2) 
' ind pre 
here, Tp^ e and Tind are the half-lives of the pre-cursor and the residue. In this 
way the cumulative cross-section is given by; 
s. 
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a & e « ) = a£^,Te«)+1.28xafc^l) 
where, the subscripts 'cum' and Mnd' stand, respectively, for cumulative 
and independent yields. The experimentally determined independent cross-
sections for the formation of "^Te are given in Table 4.7. 
'03Rh(O, p4n) channel [Resiclue="'*Te, T,/2=15.2 m, J'^=0+] 
The residue "'^ Te may be formed by the CF of '^O with '°^Rh forming an 
excited composite system "'1 followed by the evaporation of a proton and 
four neutrons. Further, the residue "''Te may also be populated by the 
PVEC decay of its higher charge isobar precursor "*I formed by the reaction 
channel '°^Rh(0,5n). As such, the measured activity of "'^ Te may have the 
contributions from its higher charge isobar precursor decay also. The 
formation of this residue via CF and from its higher charge isobar precursor 
may be represented as; 
^^0+^°^Rh -> ' ^ ^ 1 * - . "^Te + p4n; (..dependent decay) 
J l Z E ^ "^Te; (Precursor decay) 
The higher charge isobar precursor residues "4|g.m^ populated via 5n channel 
could not be observed because of their short half-lives =2.1 sec. and 6.2 
sec. respectively. Further, the theoretical calculations for 5n channel gives 
negligible values of the cross-sections at these energies, as such, the 
precursor contribution to the population of "'*Te may be neglected. Hence, 
the values of cross-sections quoted for "'^Te, in Table 4.7, may be 
considered as the independent production values. 
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Table 4.7 Experimentally measured cross-sections for the residues 
populated via pxn (x=3 &. 4) channels in the interaction of '^O with '°^Rh. 
Eub (MeV) CTcum C"Te8) 
(mb) (mb) 
CTcumC'Te'") 
(mb) 
CTindC'Te'") 
(mb) 
(jC"'Te) 
(mb) 
57.8 ± 3.5 3.0 ± 0.3 3.0 ± 0.3 1.0 ± 0.1 1.0 ± 0.1 -
65.8 ± 2.3 27.0 ± 3.0 24.0 ± 2.0 23.0 ± 2.0 22.0 ± 2.0 -
70.8 ± 3.1 43.0 ± 4.0 39.0 ± 4.0 57.0 ± 6.0 54.0 ± 5.0 -
77.1 ± 2.6 118.0 ± 12.0 95.0 ± 9.0 43.0 ± 4.0 28.0 ± 3.0 4.0 ± 0.4 
82.8 ± 2.6 161.0 ± 16.0 138.0 ± 14.0 37.0 ± 4.0 13.0 ± 1.0 15.0 ±1.0 
r^O, 2axn) Channels 
In the case of 2axn channels also, the residues may be formed in two ways; 
(i) by CF of '^0-l-'°2Rh followed by the formation of excited composite 
nuclei, from which, the evaporation of neutrons and a-particles may take 
and/or (ii) on the other hand, the incident '^O ion breaks-up into fragments 
(a + '^C, ^Be + ^Be and/or ' < + a). One of the fragments fuses with the 
target nucleus leaving remaining part as the spectator. Brief description of 
various a-channels studied in the present work is given in the following. 
i03Rh(O, 2an) channel [Residue="oing, T,/2=4.9 h, J"=7+] 
[Residue="oin-, Tv2=1.15 h. }^=2+] 
The residue "°ln(2an) is likely to be formed by the CF as well ICF 
processes. In case of CF, it may be formed by the evaporation of 2a-
particles and a neutron from the excited composite system "^1 formed in 
the fusion of '^O with i°^Rh. On the other hand, the same reaction product 
may also be produced assuming that the '^O ion breaks-up into ^Be-i-^ Be 
fragments and one of the fragments, ^Be fuses with the target nucleus '°3Rh 
forming "Mn* in the excited state which emits a neutron, leaving ^Be as 
spectator. Further, the measured cross-sections for this channel may, 
therefore, include contributions from both the CF and ICF processes. The 
mode of formation of "°ln residues by CF and ICF processes may be 
represented as; 
Complete fusion of '^O, i.e.. 
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i6o V°'Rh ^ " ' 1 * ^ "°ln +2a + n; 
In-complete fusion of ^^O, I.e., 
^^o(^Be + ^Be)+^°^Rh -> "^ In* + ^Be (2a): (Spectator) 
" ' I n * ^ "0 |ng-T '*+ n 
The residual nuclei "°In are populated in two states, the ground state "°lns 
(t,^=4.9 hrs) and the meta-stable state "oin"' (t,/2=1.15 hrs). Since, both the 
meta-stable and ground states have y-rays of different energies, as such their 
production cross-sections have been measured separately. 
i03Rh(O, 2a3n) channel [Residue='08ing, Tv2=58 m, J"=7+] 
[Residue='08|nm^ Tv2=39.6 m, J'^ =2+] 
Similar to the above, the '°^ln residues are also likely to be populated by CF 
and/or the ICF processes. Firstly, it may be formed by the CF of i^O+'°^Rh 
forming an excited composite system "^I followed by the evaporation of 
2a particles and three neutrons. On the other hand, the same residual 
nucleus may also be produced assuming that the '^O ion breaks-up into 
^Be-l-^ Be fragments and one of the fragments, ^Be fuses with the target 
nucleus '°^Rh forming " ' In* in the excited state which decay by emitting 
three neutrons, leaving one of the fragments ^Be as spectator. The 
measured cross-sections for this channel may, therefore, include 
contributions from both the CF and ICF processes. The mode of formation 
of this residue by two different processes namely CF and ICF may be 
represented as; 
Complete fusion of '^O, i.e., 
^^0+^°^Rh -» "^I* -> '°«In +2a + 3n; 
In-complete fusion of '^O, i.e., 
^^o(^Be + «Be)-h^°^Rh -» "Mn* + ^Be(2a);(Spectator) 
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The ground state "°lns (t,/2=58 m) and the meta-stable state '°^In'^ 
(t,/2=39.6 m) were identified separately on the basis of y-ray energies and 
half-lives of the residues. 
r^O.Saxn) Channels 
i03Rh(O,3a4n) channel [Re$iclue=io3Agg,Tv2=65.7m, J''=7/2+] 
The residues '°^Ag (3a4n) are also likely to be formed by CF as well as by 
the ICF processes. In this case the composite system "'1 may emit 3a 
particles and 4 neutrons via CF process forming '°^Ag nuclei. On the other 
hand the ICF of a particle and '^ C moving as spectator may form '°^Ag* 
excited nuclei, which may emit 4 neutrons leaving behind the '°^Ag nuclei. 
The residual nucleus '°^Ag has two states, the ground state '°^Ag8 and the 
meta-stable state '"^Ag"". in the present case, the meta-stable state of this 
residue could not be observed because of its short half-life —5.7 sec. The 
measured cross-sections for this channel may, however, include 
contributions from both the CF and ICF processes. The experimentally 
determined cross-sections for the formation of °^^ Ags are given in Table 4.8. 
The mode of formation of this residue by CF and ICF processes may be 
represented as; 
Complete fusion of '^O, i.e., 
i6o+ i ° 'Rh ^ " ^ 1 * ^ lo^AgS + 3 a + 4 n ; 
In-complete fusion of '^O, i.e., 
' ^ o ( a + ^2c)+^°'Rh ^ ' ° ' A g * + '"C(3a);(Spectator) 
107Agv.^ i °3Ag8+4n 
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Table 4.8 Experimentally meajured crois-sections for the residues 
populated via 2axn (x=l & 3) and 3axn (x=4) channels in the interaction 
of '^O with '°3Rh. 
Lab Energy 
(MeV) 
a ("°ln8) 
(mb) 
aC'oin"') 
(mb) 
o('°8|n«) 
(mb) 
CT(I08|nmj 
(mb) 
CT('°3Agg) 
(mb) 
57.8 ± 3.5 1.0 ± 0.1 1.0 ± 0.1 - -
65.8 ± 2.3 3.0 ± 0.3 18.0 ± 2.0 - - 5.0 ± 0.5 
70.8 ± 3.1 4.0 ± 0.4 51.0 ± 5.0 0.4 ± 0.04 4.0 ± 0.4 16.0 ± 2.0 
77.1 ± 2.6 2.0 ± 0.3 93.0 ± 9.0 2.0 ± 0.2 5.0 ± 0.5 28.0 ± 3 . 0 
82.8 ± 2.6 4.0 ± 0.4 132.0 ± 13.0 3.0 ± 0.3 9.0 ±1.0 -
4.1.3 160+27A1 System: 
The excitation functions for five reactions in '^0+"AI system [9], have been 
measured in the energy range =58 to 94 MeV in order to study the 
reaction dynamics particularly in the low mass region. Most of the studies 
in which the occurrence of ICF has been observed were carried out 
generally with heavier mass target nuclei. One advantage of using a lighter 
mass system is to avoid the possibility of fission, which is one of the 
competing modes in HI reactions at these energies. The reaction residues 
studied for this system, characteristic y-ray$ identifying the residues, their 
branching ratios etc., are given in Table 4.9. 
Table 4.9 A list of reaction products alongwith reaction channels and their 
spectroscopic properties in the '^O+^^AI system. 
S. No. Reaction Residue Half-life 
(T1/2) 
Spin 
(J") 
Energy of 
Y-ray (keV) 
Branching 
ratio (%) 
1. 27AI(0, 2an) 3 4 ^ |m 32.2 m 3+ 146.5 40.5 
2. 27AI(0, 3a3p) 28Mg 20.9 h 0+ 400.5 
342.3 
36.0 
54 
3. 27AI(0, 3a3pn) " M g 9.4 m (1/2)- 843.7 73.0 
4. 27AI(0, 4a2pn) ^^Na 14.6 h 4+ 1368 100 
5. 27AI(0, 4a3p) 24Ne 3.8 m 0- 472.2 100 
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27AI(0,2an) channel [Residue=34Ch, Ti/2=32.2 min., J"= 3+] 
The evaporation residue "C I is likely to be formed by tine CF as well ICF 
processes. In case of CF, it may be formed by the evaporation of 2a 
particles and a neutron f rom the excited composite system '^^Sc* formed via 
the fusion of '^^O+^^AI. On the other hand, the same residual nucleus may 
also be produced assuming that the '^O ion breaks-up into ^Be+^Be 
fragments and one of the fragments fuses u/ith the target nucleus ^^AI 
forming " C I " in the excited state which emits a neutron leaving ^Be as 
spectator. It may also be pointed out that the residue "C I produced via 
" A l ( 0 , 2 a n ) channel has meta-stable as well as ground states. In the present 
work, the meta-stable state of the residue " C h was observed through the 
146.5 keV y-ray of intensity 40 .5%. Since, the intensity of the ground state 
of the residue "C|s is very low, it could not be observed. The production 
cross-sections of the residue " C h were converted into the total cross-
section of the residue " C I by using the standard radioactive decay method. 
The measured cross-sections for this channel may, however, include 
contributions from both the CF as well as ICF processes. The production 
cross-sections for residues "C I are given in Table 4.10. The CF and ICF 
processes leading to the formation of "C I are; 
Complete fusion of '^O, i.e., 
^^O +"AI -^ ^^Sc" ^ "^^ Cl + 2a + n; 
In-complete fusion of '^O, i.e., 
i6o(^Be + ^ B e ) + " A I ^ ^^Cl " + ^Be(2a); (Spectator) 
"CI'- -^ "^^ cr + n 
27A1(0, 3a3p) channel [Residue=28Mg, Ti/2=20.9 h, J"=Oi 
The reaction product ^sMg populated through 3a3p channel may be 
produced assuming that the '^O ion breaks into a-l-'^C fragments and one of 
the fragments, a fuses wi th the target nucleus ^^AI forming ^'P- in the 
excited state which decays by emitting three protons forming ^sjvig nuclei. 
The experimentally determined production cross-sections for this residue 
are given in Table 4.10. The mode of formation of this residue may be 
represented as; 
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Complete fusion of '^O, i.e., 
i^O +^^AI ^ ^Hc" ^ ^^ P + 3a + 3p; 
In-complete fusion of '^O, i.e., 
^^o(a + ^2c)+"Al ^ ^ 'P* + '2C(3a); (Spectator) 
3 1 p * ^ 2 8 , ^ g ^ 3 p 
27AI(0, 3a3pn) channel [Residue=27Mg, Ti/2=9.4 m, J"=l/2+ ] 
In case of the reaction product " M g populated through 3a3pn channel, 
available theoretical models give negligible cross-sections, so this reaction 
cannot be explained by CF processes. Further, the same residual nucleus 
may be produced assuming that the '^O ion breaks into a+'^C fragments 
and one of the fragments, a-particle fuses v /^ith the target nucleus "A l 
forming ^'P* in the excited state which decays by emitting three protons 
and a neutron leaving ^^ C particle as spectator. Activities of " M g 
corresponding to 3a3pn channel were identified by the characteristic y-ray 
energies and measured half-life. The experimentally determined cross-
sections for this residue are given in Table 4.10. The mode of formation of 
this residue may be represented as; 
In-complete fusion of '^O, i.e., 
^^o(a + ^^CJ-h^^Al -> ^'P* -h ^2c (3a); (Spectator) 
31p* ^ 2 7 j ^ g ^ 3 p ^ ^ 
27AI(0, 4(x2pn) channel [Re$idue=24Na, Tv2=14.6 h, J "=4 i 
27AI(0, 4a3p) channel [Residue=24Ne, Ti/2=3.8 min., J'^=Oi 
The reaction products ^^Na and ^^Ne are produced through 4a2pn and 
4a3p channels. The experimentally determined cross-sections for the 
formation of ^^Na and ^''Ne are given in Table 4.10. The detailed analysis 
regarding the population of these residues is presented in Chapter V. 
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Table 4.10 Experimentally measured cross-sections for the residues 
populated via 2an, 3a3p, 3a3pn, 4a2pn and 4a3p channels in the 
interaction of '^O + ^^Al. 
Lab Energy 
(MeV) (mb) 
a P^Mg) 
(mb) 
aP^Mg) 
(mb) 
o(2'»Ne) 
(mb) 
a(2'»Na) 
(mb) 
58.0±1.3 9.40 + 1.69 - - - 0.46±0.08 
58.7±1.3 1 4.57±2.62 - - - 1±0.18 
66.5±1.2 57.72±10.39 - - - 0.94+0.17 
68.0+1.2 62.70±11.29 - - - 0.96±0.17 
68.2±1.2 154.09±27.74 - - - 0.275±0.05 
71.6±1.1 115.49±20.79 - - - 0.63±0.11 
75.4±1.1 169.53 + 30.52 - - - 0.89±0.16 
76.2±1.1 100.98±18.18 0.08+0.01 - - 1.35±0.24 
77.1±1.0 126.40±22.75 0.09+0.01 - - 1.17±0.21 
78.8±1.0 95.32±17.16 - - - 1.2+0.22 
81.8±1.0 81.96±14.75 2.48±0.44 - - 2.35±0.42 
82.0 + 0.9 120.91±21.76 - - - 1.37±0.25 
85.5±0.6 84.79 + 15.26 2.21±0.4 - 0.12 + 0.03 7.88±1.41 
85.9±0.9 140.79±28.26 3.11±0.5 - 0.11+0.02 5.15±0.9 
88.2+0.6 15.53±2.80 1.53±0.26 0.22+0.05 0.36±0.09 1.03 + 0.18 
88.5±0.8 - 0.42±0.05 0.2±0.05 - 1.58±0.28 
91.4+0.6 5.43+0.98 - 0.08±0.02 0.22±0.05 1.15 + 0.20 
93.4±0.8 8.26 + 1.48 0.4±0.08 0.11±0.02 0.12 + 0.05 1.5 + 0.27 
94.4±0.6 4.75+0.85 0.2 + 0.06 0.1±0.03 0.1 ±0.03 1.33±0.24 
4.2 THE FORWARD RECOIL RANGE DISTRIBUTIONS 
16, 0+'8iTa System 
The degree of the linear momentum transfer from the projectile to the 
target nucleus is the basis of recoil velocity of the reaction products, which 
may be used to differentiate the CF and ICF processes. In order to 
understand the CF and ICF reaction dynamics, on the basis of linear 
momentum transfer, the yield as a function of absorber thickness for 
i54Tl(3n), '^n\s{4n), '^sjUSn), i93Hgg(p3n), '"Hg-(p3n), '52Hg(p4n), 
'9'Hgs(p5n), '5ii-igm(p5r,)^ ''SAu^an), '5iAug(a2n), '50Aug(a3n) and 
'86|rs(2a3n) nuclides produced in the '^O+'s'Ta system have been measured 
at three different projectile energies ~81 , 90 and 96 MeV. The 
experimental yield data has been analyzed to determine the forward recoil 
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ranges in each case. Details of reactions, residues, identifi^cj y-ray<f,asnd their 
branching ratios are listed in Table 4.2. For these reac\iorv5*'tFs have also 
been measured [1] and the details have already been giveKlnS^tion 
Table 4.11 Experimentally measured forward recoil range cnrtriDUTions 
(FRRDs) for the reaction products populated via xn (x=3, 4 & 5) and pxn 
(x= 3, 4 & 5) channels at —81 MeV beam energy. 
Cumulative 
Thickness 
0L/g/cm2) 
Recoil range distributions (Yield) in the unit of 
[mb/Cmg/cm^)] for the residues 
I94TI 193XIg 192T1 193Hgg 193J-Jgnn 192Hg '9'Hg8 I91f-|gm 
9.96 - - - - 61.2 5.0 - -
25.15 - - - 27.0 11.9 5.2 - -
56.01 4.5 28.0 15.0 28.0 17.8 5.2 8.1 11.3 
86.95 5.8 42.1 15.2 35.0 97.4 5.7 8.4 11.3 
118.00 6.8 60.0 15.8 45.0 89.5 - 8.4 12.8 
149.15 11.0 75.5 16.1 65.0 123.0 9.1 9.1 15.0 
181.12 16.2 120.0 20.0 107.6 474.0 11.3 10.6 19.2 
213.25 25.3 175.0 22.5 130.4 724.2 15.8 13.7 23.3 
245.34 29.9 233.0 23.7 175.0 1260.0 18.7 20.8 24.1 
277.61 30.5 238.0 22.8 180.7 1376.5 16.6 27.0 20.4 
309.92 28.0 215.0 20.2 163.1 1198.0 12.4 22.7 15.2 
343.13 22.0 174.0 17.3 145.7 1037.6 10.0 17.1 13.0 
376.63 15.0 100.0 16.2 95.8 700.7 6.6 11.2 11.1 
410.16 11.0 65.0 15.2 60.0 400.8 5.4 8.6 11.0 
443.69 7.0 45.0 14.9 45.7 200.3 4.7 8.5 10.8 
477.24 5.4 25.0 15.0 36.7 90.4 4.8 8.2 10.8 
510.83 - - - 24.4 18.8 5.0 - -
In the experiment performed to measure the FRRDs [10], samples of '^Ta 
(—150 jug/cm^) deposited on Al-backing (—1.0-1.2 mg/cm^) were 
bombarded by '^O beam, with Al-backing facing the beam, at three 
different projectile energies i.e., at 85, 94 and 100 MeV. After some energy 
loss in the Al-backing the incident energies in three separate irradiations are 
estimated to be - 8 1 , 90 and 96 MeV respectively. The samples were 
followed by a stack of thin Al-catcher foils of thickness ranging from =10-
65 /Jg/cm^. The recoiling residues get trapped in the catcher foils at 
different thicknesses in Al-catchers. The activities induced in individual 
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catcher foils were followed off-line. The residues embedded in different 
catcher foils were identified by their characteristic y-radiations as well as by 
the measured half-lives. The cross-sections corresponding to various 
radioactive residues in each catcher were obtained from the intensity of 
identified y-rays. In this way, the cross-section for a particular evaporation 
residue in each catcher foil was determined. In order to obtain the FRRDs, 
the measured cross-section for each evaporation residue in individual 
catcher was divided by the respective thickness of that catcher foil. The 
results of FRRD measurements for '^ O-l-'S'Ta system at - 8 1 , 90 and 96 
MeV, are tabulated in Tables 4.11-4.16. 
Table 4.12 Experimentally measured forward recoil range distributions 
(FRRDs) for the reaction products populated via axn (x= l , 2 & 3) and 
2a3n channels at —81 MeV beam energy. 
Cumulative 
Thickness 
(jL/g/cm2) 
Recoil range distributions (Yield) in the unit of 
[mb/(mg/cm2)] for the residues 
192AU8 is'Au? '9°AU8 i86|rg 
9.96 1.3 9.0 - 7.0 
25.15 1.2 9.0 - 7.1 
56.01 1.8 9.0 49.7 7.5 
86.95 4.9 9.7 49.6 9.9 
118.00 10.6 13.6 43.5 11.4 
149.15 14.1 30.1 78.4 10.1 
181.12 14.3 43.3 160.8 16.1 
213.25 17.5 49.7 151.1 10.7 
245.34 22.7 55.0 247.7 15.8 
277.61 26.3 47.4 329.7 14.0 
309.92 22.6 29.8 339.5 10.8 
343.13 16.6 15.2 239.3 8.3 
376.63 8.2 9.7 128.6 7.2 
410.16 3.7 8.4 67.8 6.9 
443.69 1.8 9.0 50.4 6.8 
477.24 1.2 7.5 46.5 6.6 
510.83 1.2 9.0 ' 7.1 
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Table 4.13 Experimentally measured forward recoil range distributions 
(FRRDs) for the reaction products populated via xn (x=3, 4 & 5) and pxn 
(x= 3, 4 & 5) channels at —90 MeV beam energy. 
Cumulative 
Thickness 
Oug/cm2) 
Recoil range distributions (Yield) in the unit of 
[mb/(mg/cm2)] for the residues 
I94TI 193T|g 192JI 193Hgg 193|-lpm ,92Hg 191 H g g igij-lgm 
23.33 28.3 52.3 - - 1.7 - - -
46.85 8.9 85.0 - 23.4 3.4 7.7 20.0 16.0 
70.63 15.1 96.3 - 30.0 3.8 8.8 22.0 17.0 
94.52 8.8 50.0 - 40.0 3.4 5.9 21.0 18.4 
118.87 9.9 51.8 198.0 55.0 4.9 10.7 18.0 22.0 
143.93 12.0 55.0 175.0 110.0 8.8 31.1 24.0 30.7 
169.28 - - 180.0 125.0 24.5 77.7 - -
195.84 22.0 122.4 200.0 170.6 41.4 113.0 50.0 39.0 
224.92 48.8 175.0 353.2 200.0 55.0 196.0 70.0 45.4 
254.00 64.0 254.8 760.3 230.4 71.5 280.0 91.5 42.0 
283.40 73.5 195.2 452.4 220.0 71.8 379.3 77.0 34.4 
318.85 55.0 125.0 194.9 175.0 42.6 310.3 50.0 27.9 
354.92 23.8 61.8 190.0 120.0 25.7 145.6 30.0 20.2 
391.27 16.0 50.0 185.0 55.9 12.4 88.0 24.0 18.0 
445.31 12.0 43.0 - 18.7 5.9 22.4 20.5 17.0 
500.05 11.0 41.0 - 17.4 2.9 13.3 21.0 16.5 
554.99 11.0 46.0 - 8.4 1.0 1.8 19.0 16.0 
Table 4.14 Experimentally measured forward recoil range distributions 
(FRRDs) for the reaction products populated via axn ( x= l , 2 & 3) and 
2a3n channels at «90 MeV beam energy. 
Cumulative 
Thickness 
0L/g/cm2) 
Recoil range distribut 
[mb/(mg/cm2^ 
ons (Yield) in the unit of 
] for the residues 
192AU8 i9 'Au8 190AU8 i86|rg 
23.33 - - 14.0 -
46.85 4.2 25.0 16.6 2.6 
70.63 5.9 28.0 16.0 12.6 
94.52 5.1 48.0 13.8 6.0 
118.87 19.3 76.0 23.0 6.5 
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143.93 85.0 128.0 42.7 10.0 
169.28 321.5 150.0 120.0 14.0 
195.84 555.0 45.0 165.0 8.0 
224.92 831.2 165.0 144.0 17.0 
254.00 1244.0 220.0 210.1 20.3 
283.40 1050.0 303.4 245.2 19.1 
318.85 450.0 230.0 150.6 10.0 
354.92 170.0 86.8 49.6 5.0 
391.27 30.0 30.0 28.1 3.0 
445.31 35.0 20.0 20.0 3.0 
500.05 29.0 20.0 22.0 2.7 
554.99 2.9.0 12.0 21.0 3.0 
Table 4.15 Experimentally measured forward recoil range distributions 
(FRRDs) for the reaction products populated via xn (x=3, 4 & 5) and pxn 
(x= 3, 4 &. 5) channels at —96 MeV beam energy. 
Cumulative 
Thickness 
0L/g/cm2) 
Recoil range 
[mb/ 
distribut 
(mg/cm2 
ions (Yield) in the unit of 
] for the residues 
194JI 193X|g 192JI 193HgS 1931-|pm .92Hg 191Hg« I91|-|om 
10.01 9.90 9.9 15.9 5.0 - 2.0 9.0 3.0 
26.18 20.00 - - 4.9 - 1.9 14.8 4.3 
44.35 10.40 - - 5.0 0.6 3.9 7.7 3.3 
62.67 8.10 - - 4.9 0.6 4.4 8.2 3.3 
81.67 2.50 9.5 278.4 5.3 0.5 3.5 6.8 3.7 
100.96 2.60 10.3 34.0 - 0.5 5.0 7.3 4.7 
120.86 2.00 10.5 49.8 6.0 0.5 8.0 7.0 4.1 
142.45 2.30 11.5 95.0 6.1 0.6 17.1 8.3 5.6 
165.78 3.50 14.1 130.0 7.0 0.6 25.7 13.3 9.0 
205.94 7.00 20.4 201.4 12.5 1.0 38.8 30.0 15.0 
246.11 17.50 27.0 230.0 25.0 1.7 60.0 63.5 22.0 
286.67 21.70 32.3 226.0 38.0 2.5 72.7 67.3 26.9 
337.37 13.60 27.0 135.0 27.2 2.0 64.1 35.0 21.7 
388.10 4.33 18.0 60.0 12.0 0.9 35.5 12.0 13.0 
438.99 3.20 12.5 25.0 5.3 0.6 17.0 7.0 6.0 
490.67 2.10 10.3 23.0 4.8 0.5 7.0 8.0 4.1 
547.44 1.80 9.7 20.0 4.6 0.5 3.2 7.0 3.8 
79 
Table 4.16 Experimentally measured forward recoil range distributions 
(FRRDs) for the reaction products populated via axn (x= l , 2 & 3) and 
2a3n channels at «96 MeV beam energy. 
Cumulative 
Thickness 
0L/g/cm2) 
Recoil range distributions (Yield) in the unit of 
[mb/(mg/cm2)] for the residues 
192AU8 ' "AU8 190Aug i86|rg 
10.01 11.0 7.0 n.o -
26.18 6.2 - - -
44.35 9.9 7.2 - 0.8 
62.67 12.0 7.0 12.6 1.1 
81.67 12.1 7.4 10.0 1.3 
100.96 16.1 8.3 10.0 1.8 
120.86 18.0 9.1 10.1 2.5 
142.45 39.4 11.1 23.0 1.8 
165.78 45.0 14.0 32.0 1.4 
205.94 91.6 17.9 49.1 2.2 
246.11 95.0 11.5 48.5 1.0 
286.67 144.7 16.5 42.4 1.7 
337.37 92.0 13.6 26.0 0.8 
388.10 25.0 7.5 12.0 0.8 
438.99 13.0 6.8 11.0 0.8 
490.67 13.0 7.0 10.0 -
547.44 12.0 7.1 9.0 -
In order to obtain the relative contributions of CF and ICF processes in 
various reactions in '^O+'^Ta system. The measured FRRDs have been 
analyzed within the frame work of linear momentum transfer based on 
break-up fusion model. The analysis of these FRRDs is discussed in the 
Chapter V. 
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4.3 ANGULAR DISTRIBUTIONS 
16, 0+27AI System 
In the present work, angular distribution of the recoiling residues produced 
in the '^O H-^ A^I system have been measured at =85 MeV incident 
projectile energy. The details of the experimental setup are already given in 
section 2.4.3, of Chapter II of the thesis. The outgoing residues were 
trapped in the annular catcher foils. The activities induced in the individual 
annular catcher foils were followed off-line. It may be pointed out that, 
out of the five reactions identified in the EF measurements, only the y-ray 
of 146.5 keV corresponding to the reaction "AI('^0,2an)3^CI could be 
identified from its energy as well as by the half-life of residue '^'Cl in the 
angular distribution measurements. The likely reasons for not observing y-
rays corresponding to other residues have been discussed in Chapter V, 
section 5.5. Further, the measured cross-sections for the reaction 
"AI('^0,2an)^4C| corresponding to various angular ranges are given in 
Table 4.17. 
Table 4.17 Experimentally measured angular distribution for the reaction 
27AI('60,2an)3^Cl at ==85 MeV beam energy. 
S. No. Angular range a(mb) 
1 0°-13° 142.76 + 21.4 
2 130-21° 9.05 11.4 
3 210.300 10.23 ±1.5 
4 300.390 1.39 ±0.2 
5 390.450 0.17 ±0.03 
6 45°-60° 0.46 ± 0.07 
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Chapter V 
RESULTS AND DISCUSSION 
In order to understand the reaction dynamics of heavy ion interaction at 
about 7 MeV/nucleon energy, several experiments have been performed 
by our group. Results on '^O + '«Ta, '^O + '°3Rh and '^O + " A l systems are 
discussed here, in the present work , excitation functions (EFs) for twenty 
seven reactions have been measured at energies < 7 MeV/nucleon. A list of 
these reactions is given below; 
8Ta(0 , 3n)'94Tl8, 
8Ta(0,4n)'53Tl"^, 
«Ta(0 , p3n)i53Hg8, 
s'Ta(0, p5n)'5'Hg«, 
8Ta(0 , a2n) '5 'Au^ 
°3Rh(0, p3n)"5Te'", 
03Rh(O, 2an)"°ln'^, 
8Ta (0 , 3n)'5''Tl-, 
8Ta(0,5n)'52Tl8, 
8Ta(0 , p3n)''3Hg"^, 
8Ta(0 , pSnj '^ 'Hg-
«'Ta(0, a3n) '^Aus, 
03Rh(O, p4n)"4Te, 
03Rh(O, 2a3n)'°81n8, 
03Rh(O, 3a4n)'°3Ag«, 27^1(0, 2an)34Cl, 
' 8Ta(0 , 4n) '5mg, 
'8Ta(0 , 5n)'52Tim^ 
'8Ta(0 , p4n)'52Hg, 
'8'Ta(0, any^'Aus, 
'°3Rh(0, p3n)"5Te^ 
'°3Rh(0, 2an)"°lng, 
'°3Rh(0,2a3n)'°«ln^ 
" A I ( 0 , 3a3p)28Mg, 
27A1(0, 3a3pn)27Mg, " A ^ Q , 4a2pn)24Na and " A K O , 4a3p)24Ne. 
The presently measured EFs have been analyzed wi th in the framework of 
theoretical model code PACE4 [1]. Further, in the complementary 
experiments to investigate fusion in-completeness due to fractional linear 
momentum transfer f rom the projectile to the target nucleus and to 
separate out the relative percentage contributions of complete fusion (CF) 
and/or in-complete fusion (ICF), forward recoil range distributions (FRRDs) 
of various radio-nudides produced via CF and/or ICF in '^O+'^Ta system 
have been measured at « 8 1 , 90 & 96 MeV beam energies. A list of the 
reactions for which the RRDs have been measured is given below; 
'8Ta(0 , 3n)'9'»TI, ' «Ta(0 , 4ny^^T\, 
' 8Ta(0 , p3n)'53Hgg, '8'Ta(0, p3n)'53Hg^ 
'«'Ta(0,5n)'52TI, 
' «Ta(0 , p4n)'52Hg, 
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'8'Ta(0, p5n)'9'Hgg, '8Ta(0 , p5n) '9 iHg^ '^TaCO, an)'92Au8, 
'8Ta(0. a2n)'5'Aug, '8iTa(0, a3n)'5°Aus and '^TaCO, laSny^^W^ 
Further, the angular distribution (AD) for residues populated in the system 
'^O + 2^AI have also been measured wi th a view to separate the CF and ICF 
components. 
Analysis of Excitation Functions 
In the present work , analysis of measured EFs has been done using the code 
PACE4 [1]. However, in case of the system '^O + ^'^M, the codes CASCADE 
and ALlCE-91 have also been used. The code PACE4 [1] is based on 
statistical approach. In this code the de-excitation of the compound nucleus 
(CN) is fo l lowed by Monte-Carlo procedure. In code PACE4 the level 
density parameter (LDP) 'a' (a = A/K) is an important parameter which 
mainly governs the equilibrium state. Here, 'A' is the atomic mass number 
of the compound nucleus and 'K' is a free parameter. The value of 'K' may 
be varied to match the experimental data. In the present work , the 
experimental data has been tested using different values of level density 
parameters. Although, it is possible to explain all the EFs for a given system 
wi th different values of LDPs for individual channels, however, f rom the 
physics point of v iew, it is quite unreasonable. As such, in the present work 
all the calculations have been performed consistently using same set of 
parameters for all the channels of a given system. The theoretical 
calculations done by adopting a given set of parameters are found to agree 
well w i th the experimentally measured EFs for CF channels. 
5.1 '^O +i8Ta System 
In order to study the effect of 'K' on the EFs, calculations have been 
performed for different values of 'K' (=8 , 9 and 10). The effect of variation 
of K on calculated EFs is shown in the Figs. 5.1.1 (a-c) and Figs. 5.1.2 (a-c), 
for CF channels. As can be seen from these figures, in the present work , a 
value of K =10 is found to give a satisfactory representation of the 
experimental data for these channels, in general. Obviously these channels 
are populated only by CF. As can be seen from Fig. 5.1.1 (a) that, the 
measured EF for the reaction '^TaC^O, 3n)'5'*Tl is qualitatively in good 
84 
Ei i i H i i i n i i i i | i i i i | i i i i | i i i i | i ' ' i 
10' 
10° r 
10' 
S 10 
E 
rio^ 
o 
? 10' 10" 
fc.'''Ta(0,4n)"'Tl«'" 
; ^^^^^^^^^^^^>>M^ ; 
10' 
10^ 
10^  
10^  
10' 
oj^"") 
AJJ^A 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
(b) 
•'«'Ta(0,5n)''^r 192_.,g.ni 
(c)-i 
. . . . I . . . . I . . . . I . . . . I . . . . I . . . . I . . . . 
4n' 
• PRC 52, 2577(1995) 
K=8 
K=9 
K=10 
• PRC52,25770995) 
K=8 
K=9 
K=10 
70 75 80 85 90 95 100 105 
Energy (MeV) 
Figure 5.1.1: Experimentally measured and theoretically calculated EFs for 
'^^Tl, '93JI and '^ ^Tl residues populated via xn (x=3, 4 & 5) channels 
respectively in the interaction of '^O+'^'Ta. The filled symbols represent the 
experimental data and various curves correspond to the theoretical 
predictions of the code PACE4 for different values of K. 
agreement with the predictions based on the theoretical model code 
PACE4 at energies from near the threshold to well above the peak region. 
However, in the tail portion of the EF, the theoretical calculation of code 
PACE4 underestimates the experimental data. As has already been 
mentioned, the code PACE4 does not take into account the pre-equilibrium 
(PE) emission. As such, the discrepancy in the tail part between the 
measured and calculated EFs for 3n-channel may be attributed to the PE 
emission, which is likely to be a dominant mode of reaction mechanism at 
relatively higher energies [2]. Blann [3, 4], in his study on the role of pre-
compound decay in HI reactions has indicated that the significant 
contribution to the PE-emission may come from the multiple pre-
compound emissions at higher energies and also from equilibration 
collisions, if they take place in the low density region. It has also been 
pointed out that in HI reactions, all partial waves do not contribute to the 
fusion and the assumed spherical shape for corresponding HI may not be 
appropriate. As such, the difference of measured cross-sections as compared 
to statistical model CN calculations may be attributed to the PE-emission, 
which in case of '*"Ta('^0, Snj'^^TI reaction is more than an order of 
magnitude higher at ~ 100 MeV. Since, code PACE4 does not taken into 
account the PE-emission and since, ICF can not be considered for 3n-
channel, the enhancement in the measured EF as compared to PACE4 
calculations in the higher energy region may be due to PE-emission. 
Further, as can be seen from Figs. 5.1.1 (b &. c), where EFs for '52TI(4n) and 
"2TI(5n) are compared with statistical model calculations, that the shapes of 
the EFs are satisfactorily reproduced for the entire energy region of interest. 
It is because the probability of pre-equilibrium emission in these cases is 
much lower on account of low excitation energy. 
In the case of pxn (x =3, 4 &. 5) channels, there is no likelihood of ICF and, 
therefore, these channels are also populated by CF only, like xn channels. 
The measured EFs for the residues corresponding to p3n, p4n, and p5n 
channels are shown in Figs. 5.1.2 (a-c). It may, be pointed out that in the 
present work, the population cross-sections for "2Hg(p3n) and '5'Hg(p5n) 
residues of ground as well as meta-stable states have been measured and 
are shown by respective symbols alongwith the sum of ground and meta-
stable state contributions. It may, however, be mentioned that the general 
trends and shape of the measured EFs for the CF residues populated via 
pxn (x =3, 4 &. 5) channels are satisfactorily reproduced by PACE4 
calculations. Further, as can be seen from these figures that the measured 
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Figure 5.1.2: Experimentally measured and theoretically calculated EFs for 
.93Hg, i92Hg and '^'Hg residues populated via pxn (x=3, 4 & 5) channels in 
the interaction of '^0+'«Ta. The filled symbols represent the experimental 
data and various curves correspond to the theoretical predictions of the 
code PACE4 for different values of parameter K. 
cross-sections are somewhat enhanced as compared to the theoretical 
model predictions. The enhancement in the measured cross-sections over 
their theoretical predictions based on code PACE4 may be explained 
considering some contribution to these residues coming from the decay of 
higher charge isobar precursor (TI) isotopes. In the case of p3n and p4n 
channels, the contribution of precursor decay could not be determined 
because of either the in-complete decay scheme or the unknown decay 
characteristics of the precursor. For example, in the case of p4n channel, 
the cross-sections for the independent decay of precursor formed by the 5n 
channel are found to be higher than the cross-sections for residue '^^Hg 
populated by the p4n channel. This may happen, if the precursor does not 
feed the residue '^^Hg formed by the p4n channel. As such, the decay 
schemes of "^Hg and ''^Hg need further investigation. The cross-section 
values shown in the respective figures for these reactions also contain 
precursor contribution, if any. However, in the case of the p5n channel, 
the precursor '^Tl, which may be produced by 6n channel, is not likely to 
be produced in the present experiment on account of its higher threshold 
(>100 MeV). 
In Fig. 5.1.3, to determine the total measured fusion cross-section Zacp 
(expt), the sum of cross-sections due to xn channels, i.e., So^n, and the sum 
of cross-sections due to all measured pxn channels, i.e., Zopxn, have been 
added. The ZacF (expt) shown in Fig. 5.1.3, has been compared with ZOCF 
(Th) obtained using the code PACE4 [1] with different values of level 
density parameter constant 'K'. As can be seen from Fig. 5.1.3, the ZOCF 
(expt) is in good agreement with theoretical ZOCF values. The fact that the 
measured fusion cross-section ICCF (expt) could be reproduced satisfactorily 
by PACE4 predictions strengthens the confidence in the choice of input 
parameters. Also, a value of LDP (a = A/8 MeV"') has also been suggested 
by Cavinato et al. [5] for nuclei far from the magic region. The same set of 
parameters has been retained and used to fit the EFs of all the a-emitting 
channels as well. As has already been pointed out, ICF is not taken into 
consideration in the theoretical model code PACE4, hence, if there is any 
enhancement in the experimentally measured production cross-section as 
compared to PACE4 calculations, it may be attributed to the ICF processes 
[6, 7]. In Figs. 5.1.4(a-c), the measured cross-sections for the population of 
'^^-''Au (x = 1, 2 & 3) isotopes via axn channels are shown alongwith the 
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theoretical predictions of code PACE4 using consistently the same set of 
parameters as used for reproducing the CF channels. Note that in the case 
of axn channels, the residues may be formed in two ways; (i) by CF of '^O 
followed by the formation of an excited CN from which evaporation of 
neutrons and a-particles takes place, and/or (ii) the ^^ O ion breaks into a + 
'^ C and '^ C fuses with the target nucleus leaving an a-particle as spectator. 
In this case the excited nucleus formed by the fusion of '^ C may emit 
neutrons while de-exciting. As can be perceived from these figures, the 
experimentally measured EFs are relatively higher, by several orders of 
magnitude, as compared to that of theoretical predictions. Since, the code 
PACE4 does not take ICF processes into account, the enhancement in the 
experimentally measured production cross-sections may be attributed to 
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Figure 5.1.3: The sum of cross-sections for the xn and pxn channels. The 
effect of the variation of the level density parameter K (=8, 9 & 10) on 
calculated Zacp is also shown. 
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theoretical predictions of the code PACE4 for different values of parameter 
K. 
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the contribution coming f rom ICF of ^^O wi th the target nucleus. As such, 
these residues are supposed to be populated both via CF and/or ICF 
processes. The production of these residues may take place via the decay of 
CN fo l lowed by entire projectile fusion in CF process, and/or via fusion of 
'^C from '^O projectile in ICF process leading to the formation of " ^ A u ' \ an 
in-completely fused composite system. In this case, it has been assumed that 
^^O projectile may breakup into '^C+a, and out of these a part of the 
projectile i.e., ^^ C fuses wi th the target '^'Ta, while remaining part moves in 
the forward direction wi th almost the same velocity as that of the 
projectile. 
The residue '^^AUS populated via an channel needs special mention. The 
residue '^^Au? may also be populated through the decay of ^'^Hg via PVEC 
decay. Both, '^^Aus (T,/2 = 4.94 h) and '^^Hg (T,/2 = 4.85 h) have nearly the 
same half-lives. In this case, it has been possible to separate out the 
contribution f rom the decay of '^^Hg populated via the p4n channel using 
decay curve analysis. It is known from the successive radio-active decay 
that, if the daughter nucleus half-life (TA) and the parent nucleus half-life 
(TB) are nearly equal, as in the present case, such that TA = TB(1 -I- 6), where 
5 « 1, then the activity ratio increases approximately linearly w i th t ime, so 
long as t « 2TB/5 [8] , where TB is the mean-life time of the parent nucleus. 
To obtain the cross-section of '^^^us, a curve between the lapse time and its 
production cross-section was plotted at different times and also at different 
energies. To obtain the independent production cross-sections at each 
energy, plots for different lapse times were extrapolated at t = 0 t ime using 
a least-square linear fitt ing method. The cross-section at t ime t = 0 is the 
independent cross-section for the production of "^Au^. In Figs. 5.1.4(a) and 
5.1.5(a), the cross-sections deduced as mentioned above for the 
independent production of ' ' ^AUS have been plotted. Here [Fig. 5.1.5 (a)], 
the sum of cross-sections for all measured axn channels, i.e., Eaaxn(expt), is 
also shown alongwith measured axn channels, and is found to increase 
wi th energy. 
It has already been mentioned that all the a-emission channels identified in 
the present work are expected to have significant contributions f rom ICF 
processes. To determine the contribution f rom ICF processes to the axn 
channels, the measured louxn(expt) has been compared w i th the 
corresponding values calculated using the theoretical model code PACE4, 
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Figure 5.1.5: (a) Measured EFs for axn (x = 1, 2 & 3) channels and Zoaxn, 
(b) sum of the axn channels, measured as well as calculated using PACE4 
for K (= 8, 9 & 10) and (c) sum of OICF (all axn) channels. In panels (a), (b) 
&. (c) the spline like lines joining the experimental data points are just to 
guide the eyes. The inset shows cross-sections for the sum of both CF and 
ICF channels and for CF channels separately. The increasing difference, 
between the two curves in the inset, with energy indicates the dominance 
of ICF processes with energy. 
which is based on statistical CN theory. Because the code does not tal<e ICF 
into consideration, the calculated cross-sections for Eoaxn with code PACE4 
have predictions based on the CF model only. In Fig. 5.1.5 (b), a 
comparison of laaxn(expt) has been made with SaaxnCh) calculated using 
the CF model for three different values of physically acceptable [9] level 
density parameters (K = 8, 9 & 10). As can be seen from this figure, the 
ZoaxnCTh), with any of the reasonable parameters could not reproduce 
Zaaxn(expt) above 85 MeV. The measured Sooxn(expt) agree very well with 
ECTaxn(Th) at 80 MeV. However, above this data point all the measured 
cross-sections are found to be much higher as compared to the theoretical 
predictions based on the PACE4 model. The difference between the 
experimental and the theoretical values of Zaaxn may be assigned to the ICF 
processes and has been denoted by ZQICF (expt). Further, the difference 
between Zaaxn(expt) and Zoaxn(Th) is found to increase with energy above 
80 MeV, indicating the dominance of ICF processes at relatively higher 
energies, with maximum ICF contribution at the highest studied energy i.e., 
100 MeV. In Fig. 5.1.5 (c), the ZOICF values obtained by subtracting Za:cF(Th) 
(K =10) from measured Eoaxn have been plotted as a function of beam 
energy. As can be seen from this figure, ICF production increases very 
rapidly with energy. In the inset of Fig. 5.1.5 (c), OTF (total sum of cross-
sections for all measured channels) and ZOCF are compared. As can be seen 
from this figure (inset), with the increase in energy the difference between 
QTF and ZQCF continues to increase, indicating the dominance of ICF at 
relatively higher energies. 
At energies above the CB, where E >>Vo, the classical formula of 
Weisskopf [10] for capture of charge particle by a nucleus is given by; 
acF(E) =%rl (1-Vo/E) (1) 
where, Vo is the value of CB and E is the energy in center of mass system. 
As such, if acF (expt) is plotted against 1/Ec.m, it should be a linear curve. The 
deduced ZGCF values from Zoxn + Zapxn + Zoaxn(Th) have been plotted as a 
function of 1/Ec.m. in Fig. 5.1.6. A fit to the ZQCF data points indicates a linear 
curve that cuts the x-axis at the beam energy equal to CB. It may, however, 
be pointed out that a departure from linearity above CB may indicate the 
approach to and beginning of a quantal regime giving rise to sub-barrier 
fusion. 
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Figure 5.1.6: Experimentally measured production cross-sections found to 
reproduce the Coulomb barrier of '^O+'^Ta system. 
5.2 '60 +io3Rh System 
In the present work, EFs for the reactions produced in '^0+'°^Rh system 
have also been analyzed employing the theoretical model code PACE4. 
Since, in these calculations 'K' is an important parameter, effect of variation 
of K{=8, 9 & 10) have been tested and are shown in Figs. 5.2.1-5.2.2, 
alongwith the experimentally measured cross-sections for the reactions 
i°3Rh('60, p3n), '°3RhC^O, p4n), '"^RhC^O, 2an). ^o^RhO^O, 2a3n) and 
'°3Rh('60, 3a4n). In the present work a value of K =8 is found to give a 
satisfactory reproduction of experimental data for CF channels. The 
calculations with same value of K(=8) have been found to give a 
satisfactory reproduction of experimental data in case of '^O-l-^^Ta system 
as well. As mentioned earlier also, it might be possible to reproduce all the 
EFs with different values of parameters of the code for individual channels, 
however, it is not reasonable from the physics point of view. Further, a 
value of K > 10 may give rise to the anomalous effect in the particle 
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multiplicity [5]. 
As has already been mentioned, in some cases the same residue may be 
populated via two different modes of decay, viz., (i) directly from the 
decay of CN (independent production), and (ii) through the PVEC decay of 
higher charge isobar pre-cursors. As such, the experimentally measured 
production cross-section (acum) is the sum of two cross-sections due to 
different decay modes. The independent production cross-section (aind) has 
been separated out from the cumulative cross-sections (ocuj using standard 
successive radio-active decay analysis [5] as discussed in section 4.1.2, in 
Chapter IV. Experimentally measured cross-sections for the ground and 
meta-stable state population of residue "^Te are shown in Fig. 5.2.1(a). 
Both the measured cumulative cross-sections as well independent cross-
sections deduced as discussed above are shown for both "^Te« as well as 
iisjgm residues, alongwith the literature values. As can be seen from this 
figure, there is a reasonable agreement between theoretical and 
experimental EFs after subtracting the contribution of precursor decay. 
Further, the experimentally measured EF for radio-nuclide "''Te populated 
via p4n channel is also satisfactorily reproduced by theoretical model 
calculations within the experimental uncertainties as shown in Fig. 5.2.1 (b). 
Both of these radio-nuclides are populated via CF process only (as there is 
no a-particle in exit-channels). The fact that the measured EFs for almost all 
the channels (pre-dominantly populated by CF) could be reproduced by 
PACE4 predictions, gives confidence to the choice of input parameters of 
theoretical model code. Therefore, same set of input parameters has been 
used to fit the EFs for all the a-emitting channels as well, measured in the 
present work. 
It may be observed from Figs. 5.2.2 (a-b), the experimentally measured EFs 
for 2an and 2a3n channels are relatively higher as compared to the 
theoretical predictions of code PACE4. Since, the theoretical model code 
PACE4 does not take ICF into account, therefore the enhancement in the 
experimentally measured production cross-sections may be attributed to 
the contribution coming from ICF of '^O with the target nucleus. As such, 
these residues are expected to be populated both via CF and/or ICF of the 
projectile. The production of these residues may, therefore, take place (i) 
by the CF of '^O with the target nucleus '°^Rh giving rise to the compound 
nucleus " ^ 1 " which then decays by emitting 2a particles and three neutrons. 
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and/or (ii) through the ICF of '^O (only ^Be fuses) forming the compound 
nucleus "Mn* which emits three neutrons. In this case (ii) it has been 
assumed that '^O projectile breaks-up into its clusters, viz., ^Be + ^Be, a part 
of projectile fuses w i th '°3Rh, while remnant moves in forward cone w i th a 
velocity almost that of projectile velocity. Further, the experimentally 
measured EF for '°5Ags(3a4n) channel is shown in Fig. 5.2.2 (c). The 
theoretical calculations w i th code PACE4 give negligible cross-sections for 
this residue and hence are not shown in Fig. 5.2.2 (c), meaning thereby, 
this residue is likely to be populated predominantly via ICF. It may also be 
pointed out that no choice of physically reasonable parameters in 
theoretical calculations could reproduce the measured EF for this residue. 
Similarly, the theoretical calculations for 3an and 3a3n channels were also 
found to have negligible values [6]. 
It may be observed f rom Figs. 5.2.2(a-c), ICF is expected to contribute a 
significant amount to the evaporation residue cross-sections. As such, an 
attempt has been made to deduce the ICF contr ibution f rom 
experimentally measured and theoretically predicted EFs. Although, it is not 
possible to directly obtain the relative contribution of CF and ICF f rom the 
measurement of EFs, therefore the enhancement in the experimentally 
measured production cross-sections over theoretical model predictions 
based on CF calculations has been attributed to the contribution f rom ICF. 
As such, the ICF contribution for individual channels has been deduced by 
subtracting CF cross-sections {acf) (predicted by theoretical model code) 
f rom the experimentally measured cross-sections {(Texpt) at respective 
projectile energies. The ICF contributions (O-|CF) deduced for presently 
measured evaporation residues are plotted in Fig. 5.2.3(a) along w i th the 
sum of cross-section for all ICF channels (EO-|CF) [6] , as a function of 
projectile energy. It may be noted that ZO-,CF contains cross-sections for all 
measured ICF channels as indicated in Ref. [6] . The lines drawn in these 
figures are just to guide the eyes. As can be seen f rom these curves, in 
general, the ICF contribution increases wi th projectile energy. It may be 
because the break-up probability of incident ion in the field of the target 
nucleus increases significantly wi th incident energy. As mentioned, the sum 
of cross-sections for all measured ICF-channels (ZOICF) [6] and the sum of 
cross-sections for all CF-channels (Lac?) [6] obtained f rom theoretical model 
predictions are plotted along w i th the total fusion cross-section (OTF = SC^ CF 
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Figure 5.2.4: Deduced percentage ICF fraction (F|CF) as a function of 
normalized projectile energy for the '^O+'^'Ta and '^0+'°^Rh systems and 
FicF values for some systems available in literature. The spline-like lines 
joining the experimental data points are just to guide the eyes. 
+ IOICF) in Fig. 5.2.3(b). It can be observed from this figure that the CF 
component has measurable contribution even at —58 MeV, while ICF 
contribution seems to start from == 66 MeV, in the present case. Further, it 
may be noted from Fig. 5.2.3(b), that the separation betu/een the plots for 
CTTF and CTcF increases with projectile energy, which indicates larger 
contribution from ICF at relatively high projectile energies. 
In the present work a significant ICF contribution in almost all the a-
emitting channels have been observed. The relative contribution of CF and 
100 
ICF cross-sections is expected to depend on the energy of the projectile. As 
such, to study the dependence of ICF contribution on energy, for the 
presently studied systems, the percentage fraction of ICF cross-section (FICF) 
has been plotted in Fig. 5.2.4, as a function of beam energy normalized to 
CB, along with several other literature values [6,11,12,13,14]. 
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Figure 5.2.5: The percentage ICF fraction as a function of mass asymmetry 
at a constant normalized projectile energy. The arrow indicates that the 
present value of F,CF for '^O+'^'Ta is expected to go up, if all other 
remaining a-emission channels are also included. 
As can be seen from this figure, percentage F.CF increases with the increase 
in normalized beam energy for all the systems, indicating the dominance of 
ICF processes on relatively higher energies. To study the dependence of FICF 
on mass asymmetry, the percent FICF has been plotted in Fig. 5.2.5, as a 
function of mass asymmetry at a constant value (EbeairA'b = 1.38) of 
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normalized beam energy. As can be seen from this figure, tine FICF for tine 
presently studied '^O+'^'Ta system is not fo l lowing the expected trend 
shown for other systems involving '^O beam. The present FICF value for '^O 
+ 'S'Ta is found to be significantly small and is expected to go up. It may be 
because of the fact that in the present measurements several other a-
emission channels, e.g., 2axn and 3axn channels, could not be observed as 
the residues populated via these channels were either stable or short lived 
and/or had very low y-ray intensity. We propose to measure the 
contribution of these a-emission channels in an in-beam experiment using 
particle y-coincidence technique, so that the present data may be 
supplemented. Further, as can be seen f rom Fig. 5.2.4, the value of Ficp is 
found to be - 4 % for '^O + '°3Rh system, =^19% for '^O + ' " J b whi le for 
160+169JPP, system it is found to be around —32% at the same normalized 
projectile energy (i.e. EbeanA'b =1.38). This striking observation clearly 
reveals the sensitiveness of FICF on the target mass. As can be seen f rom Fig. 
5.2.5, the systematics presented [15] do not explain the experimental data 
as a whole. The value of FICF is found to increase wi th the mass asymmetry, 
individually for '^O and '^C projectiles. Therefore, it can be inferred that, 
not only mass asymmetry of interacting partners but also the projectile 
structure effect needs to be taken into account. The analysis of the data for 
'2C + '^Ta and '^C + '^'Ta presented [14] also indicates that the ICF depends 
on the projectile structure in the beam energy range —5-6 MeV/nucleon. 
The lower value of binding energy in case of '^C as compared to that in '^C 
results in higher break-up probability of '^C into ^Be+a, near the field of the 
target nucleus resulting into higher ICF cross-sections. The above 
description indicates that the break-up fusion model of ICF appears to be 
somewhat more appropriate for explaining the observations of the present 
work. 
5.3 i^O +27AI System 
The experimentally measured EFs for the reactions "AI('^0,2an)^'*Cl, 
27Al('^0,3a3p)28Mg, 27A|(i60,3a3pn)"Mg, 27A|(i60,4a2pn)2^Na and 
27Al('60,4a3p)24Ne are shown in Figs. 5.3.1 (a-c) and Figs. 5.3.2(a-b). In the 
(a) panel of Fig. 5.3.1, the experimentally measured and theoretically 
calculated EFs for the production of ^^Cl residues are shown. In Figs. 
5.3.1(b) and 5.3.2(b) the solid lines are drawn just to guide the eyes to the 
experimental data. In Figs. 5.3.1(a) and 5.3.2(a), the literature [16] values 
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of the cross-sections are also shown. Earlier nneasurements on '^0+"Al 
system were done [16] employing activation technique using low resolution 
NaifTl) detector and gas flow end-window P-counter. The energy spread 
of the data points in these measurements is substantially large [16], because 
of relatively large thickness of the Al-foils used. It may, however, be 
pointed out that no theoretical interpretation of data was made [16]. More 
recently, McKenna et. al., [17] tried to reproduce the experimental data 
[16] using a high intensity LASER produced plasma beam. They also 
performed theoretical calculations [17] using the Monte Carlo code PACE4. 
Since, in the present work, theoretical calculations for these reactions give 
considerably small values of cross-sections and hence are not shown in Figs. 
5.3.1 (b &. c) and Fig. 5.3.2. As such, the observed enhancement by several 
orders of magnitude over their negligible theoretical predictions for these 
channels may be attributed to the fact that these residues are populated by 
some processes other than CF process. McKenna et. al., [17] reported that 
the residue "^^ Cl is produced by the evaporation of two a-particles and one 
neutron from the compound nucleus formed by ^^O-t-^ ^Al system. 
Furthermore, the production of other radio-isotopes viz., " M g , '^•Na and 
'^^ Ne, was attributed to the compound nucleus as well as to direct reactions. 
It is not out of place to mention here that in-complete fusion and deep in-
elastic collisions are also dominant mechanisms in HI reactions at these 
energies, and hence the contribution of these reaction channels are also 
required to be taken into account. Furthermore, to confirm whether these 
reactions are formed by CF and/or ICF processes and to obtain the 
complementary information about the processes involved in lighter mass 
system, the angular distributions of the residues produced in '^0+"Al 
system have also been measured at 85 MeV beam energy and are discussed 
in section 5.6 of the thesis. 
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5.4 FORWARD RECOIL RANGE DISTRIBUTIONS 
i6o+i8iTa System 
The degree of the linear momentum transfer (PLMT) from the projectile to 
the target nucleus decides the recoil velocity of the reaction products. This 
may be used to differentiate the CF and ICF processes. As already 
mentioned, PLMT 'S proportional to the fused mass of the projectile, i.e., 
maximum LMT gives rise to maximum recoil velocity to the reaction 
product. In the CF process, the maximum PLMT from the projectile to the 
target nucleus is expected. For a given entrance channel the CN has pre-
determined mass, energy and linear momentum. In case of ICF, partial PLMT 
leads to the formation of an in-completely fused composite system in the 
excited state. For an in-completely fused composite system, the mass, 
energy and momenta of CN may not have unique values. This may be 
because of the fluctuations in the fused mass from the projectile to the 
target nucleus. The experimentally measured forward recoil ranges of final 
reaction products in the stopping medium may give an indication of the 
PLMT involved. As such, the radio-nuclides populated via lower degree of 
LMT, will show relatively smaller depth (momentum transfer component) 
in the stopping medium as compared to the entire LMT populations. 
Therefore, the forward recoil range distributions may be used as a probe to 
investigate the partial fusion of the projectile in the ICF processes. 
In the present work, the production probabilities of i547|(3n), '93j|g(4n)^ 
'52TI(5n), i53Hgg(p3n), '93Hg-(p3n), '92Hg(p4n), '5iHgg(p5n), '9'Hg"^(p5n), 
'52Aus(an), '5'Au«(a2n), '5°Aus(a3n) and '86Irs(2a3n) nuclides produced in 
the '^O-l-'^'Ta system have been measured at different catcher foil 
thicknesses to obtain the FRRDs. The FRRDs for these residues have been 
measured at —81, 90 and 96 MeV beam energies. The details of the 
measurements of these FRRDs have already been presented in section 4.2, 
of Chapter IV. The production yields of different reaction products have 
been deduced by normalizing the experimentally measured production 
cross-sections with the respective catcher foil-thicknesses. In order to 
generate RRDs, the normalized yields of a individual reaction product have 
been plotted as a function of cumulative catcher foil thickness. For the 
better description of the FRRDs, the measured yields of each residue have 
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been presented (Figs. 5.4.1-5.4.12) at three different projectile energies in a 
single figure at three different panels. 
In heavy ion reactions, it is difficult to exactly measure the degree of LMT 
from the projectile to the target nucleus. It is because of the recoil velocity 
distribution of evaporation residues due to straggling effects. In addition to 
this, the effects due to particle(s) emission may also contribute extra 
broadening in the recoil range distributions (RRDs). As such, in order to get 
a reliable form for the degree of LMT from the experimental data, a careful 
de-convolution is required. The relative contributions and precise form of 
RRDs in case of CF and ICF processes in the production of particular 
reaction products may be obtained by fitting the experimentally measured 
RRD data with Gaussian peaks using the ORIGIN software. The yield curves 
of evaporation residues obtained from RRDs assumed to be Gaussian, may 
be given as [18]; 
A -(R-Rp)2/2co2 
^ = ^ ° ^ I^T:T ' (5.1) ^f2^ m 
where, Rp is most probable mean range, COA is the width parameter 
(FWHM) of the RRD, and 'A' is the area under the peak. Further, the 
normalized yield 'Y' may be estimated by chi-square (x )^ fit, from the 
experimentally determined production yield at different catcher-foil 
thicknesses. The value of x^ was minimized in this analysis using a non-
linear least square fit routine. As indicated in the Figs. 5.4.9-5.4.12, most of 
the residues show more than one LMT components. In such cases, the 
experimentally measured normalized yields have been fitted by assuming 
multi-peaks in the similar way as mentioned above. 
xn-Channels 
The measured FRRDs for the residues populated via xn(x =3, 4 &. 5) 
channels at three different projectile energies =81, 90 and 96 MeV are 
shown in Figs. 5.4.1 (a-c) to 5.4.3(a-c). As can be seen from these figures, 
there is only a single peak in RRDs, indicating only single LMT component 
involved in the production of these reaction products. As such, it may be 
concluded that these reactions are populated by CF processes only. In case 
of CF, the incoming ion completely fuses with the target nucleus and 
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transfers its total linear momentum to the fused system, which recoils in 
order to conserve the input linear momentum. 
As has already been mentioned, these residues viz., '^''Tl, '^sjig^ i92j|^ 
produced from the reactions '8Ta('^0,3n), '8'Ta('^0,4n) and '8Ta('«0,5n) 
respectively, are populated via CF processes. The experimental data for the 
FRRDs at three different energies - 8 1 , 90 and 96 MeV can be well fitted 
by Gaussian distributions. In case of the residue '^''Tl(3n), the peaks are 
found at the cumulative thickness ~265±76, 275±47 and 286±48 [Jg/cm^ 
respectively, for incident energies ~81 , 90 and 96 MeV [Figs. 5.4.1.(a, b &. 
c)]. In case of the residue '^^Tls(4n), the peaks are at the cumulative 
thickness -260+77, 254±39 and 286±67 [Jg/cm^, respectively [Figs. 
5.4.2.(a, b &. (c)], while for the residue '52TI(5n), the peaks are at the 
cumulative thickness —244158, 255±21 and 264±75 pg/cm^, respectively 
[Figs. 5.4.3.(a, b &. c)]. The recoil ranges for the above mentioned residues 
have also been calculated theoretically using stopping power tables of 
Northcliffe and Schilling [19]. The calculated values of ranges Rp(Th) agree 
well with the measured Rp(expt) data and are presented in Table 5.1. It 
may, therefore, be taken as a conclusive evidence that these residues are 
produced only by the CF process. On the basis of above description, it may 
be mentioned that the reaction products i94,i93g.i92-j-i populated via 
xn(x=3,4(S.5) channels are associated with the entire LMT. 
pxn-Channels 
In case of pxn channels, there is no likelyhood of ICF therefore, these 
residues are also populated by CF like xn channels. The Gaussian fits of the 
RRD data for the residues ''^Hgg and ''^Hgm (populated through the 
reaction '^'TaC^O, p3n)) at three different projectile energies =81, 90 &. 96 
MeV are shown respectively in Figs. 5.4.4(a-c) and Figs. 5.4.5(a-c). As can 
be seen from these figures, the experimental RRD data, at three different 
incident energies may be fitted by a single peak, at the cumulative thickness 
=261±82, 257±75 and 290±52 pg/cm^ for the residue '^ sHgs and at 
=275+75, 270±60 and 292±51 [jg/cm^ for the residue 's^Hgm respectively. 
The residue '^^Hg may also be populated by CF through the reaction 
's'TaC^O, p4n). The Gaussian fits of the RRD data for ''^Hg at three 
different energies are shown in Figs. 5.4.6(a-c). It may be observed from 
the figures, that the experimental RRD peaks are found at the cumulative 
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thicknesses «252±61, 282±57 and 291±80 pg/cm^ respectively at three 
energies. While, in case of the residues '^'Hgs'", the measured RRD data at 
=81, 90 &. 96 MeV incident energies may be fitted by a single peak, at 
=276±47, 256±47 and 277±50 pg/cm^ and at «249±53, 230±65 and 
287±68 pg/cm^ cumulative thicknesses, respectively as shown in Figs. 5.4.7 
(a-c) & 5.4.8 (a-c). The origin of these peaks may be well understood, if it 
is assumed that the residue is produced by CF process in the reaction 
'^TaC^O, p5n). Since, only one peak appears at each incident energy for all 
the above mentioned residues, it may be concluded that these residues are 
populated only by CF process. Experimentally measured Rp(expt) and 
theoretically calculated Rp(Th) for various CF residues are given in Table 
5.1. In general, the experimental values of the absorber thickness at peak 
position agree well with the calculations done using stopping power values 
within the quoted uncertainties. 
axn and 2axn-Channels 
The experimentally measured FRRDs for the residues I92.I9I.I9O^LIS and '^ I^rs 
populated via CF and/or ICF in '^O+'^Ta system at three different energies 
«81, 90 & 96 MeV are shown in Figs. 5.4.9(a-c) to Figs. 5.4.12(a-c). As can 
be seen from the Figs. 5.4.9(a-c) to Figs. 5.4.11 (a-c), for the residues 
i92.i9i,i90Ayg^  the FRRDs in each case may be resolved into two Gaussian 
peaks (in case of axn channels), indicating the presence of more than one 
linear momentum transfer components associated with the fusion of '^O 
and/or '^C. In case of CF, the composite system '^TTI* JJ formed, which may 
decay by the statistical emission of an a-particle and 1, 2 and 3 neutrons, 
respectively leaving behind '92.i9i.i9o^u8 residues. The above residues may 
also be populated, if it is assumed that, the incident '^O ion breaks-up into 
fragments (e.g., '^ C &. a), as it enters in the nuclear field of the target 
nucleus. One of the fragments ^^ C, fuses with the target nucleus forming an 
in-completely fused composite system '^^Au*, which recoils in the forward 
direction to conserve the input linear momentum and decay by the 
emission of respectively one neutron forming '^^AUS, two neutrons forming 
'5'Aus and three neutrons forming the residue '^°Aus. As can be observed 
from Figs. 5.4.9(a-c), that the RRD for the residue '^^AUS show both ICF 
and CF components having peaks at the cumulative catcher thicknesses at 
« 145±37, 168±20 and 200±35 pg/cm^ (due to '^C-fusion) and at « 
275±60, 256±37 and 290±47 pg/cm^ (due to '^O-fusion) at three different 
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Table 5.1: Experimentally measured forward recoil ranges Rp(expt) deduced 
from RRD curves, and theoretically calculated most probable mean ranges 
Rp (Th) for CF components at = 81, 90 & 96 MeV, in the interaction of '^O 
with 'sija. 
Residue 
Energy (E) 
« 81 MeV 
Energy (E) 
«90 MeV 
Energy (E) 
«96 MeV 
Rp(expt) 
(pg/cm^ ) 
Rp(Th) 
(pg/cm2) 
Rp(expt) 
(fJg/cm^ ) 
Rp(Th) 
(pg/cm2) 
Rp(expt) 
(pg/cm^) 
RpfTh) 
(pg/cm2) 
'5^ Tl(3n) 265176 267 275±47 287 286148 298 
'53T|8(4n) 260+77 267 254±39 287 286167 298 
'92TI(5n) 244158 267 255121 287 264175 298 
'53Hgs(p3n) 261±82 267 257±75 287 290152 298 
'93Hg"^ (p3n) 275±75 267 270±60 287 292151 298 
'52Hg(p4n) 252±61 267 282157 287 291180 298 
'5'Hgs{p5n) 276±47 267 256±47 287 277150 298 
'9'Hg-(p5n) 249±53 267 230165 287 287169 298 
projectile energies i.e., =81, 90 &. 96 MeV respectively. The contribution of 
different fusion components ('^ O and/or'^C) may be obtained by dividing 
the area under the peak of the corresponding fusion component by the 
total area associated with the distribution. It may, however, be pointed out 
that, the relative contribution of '^C-fusion for the reaction 
'8Ta{'^0,an)'92Au8, [Figs. 5.4.9(a-c)], is found to be -20 .8%, 11.5% and 
23.8% while the contribution from '^O-fusion is found to be =79.2%, 
88.5% and 76.2% at three different projectile energies («81, 90 &. 96 
MeV) respectively. 
Similar to the ^^^AUS residues, in case of the radio-isotopes '^'Au^and '^Aus 
populated through the reactions '8Ta('60,a2n) and '8'Ta('^0,a3n) also 
show two LMT components in RRD data. In case of the residue '^'Au?, 
peaks at the cumulative catcher thicknesses are found at = 165+27, 170137 
and 204143 pg/cm^ (due to ^^C-fusion) and ~ 256148, 281143 and 294145 
pg/cm2 (due to '^O-fusion) respectively, at three different projectile 
energies. Further, the relative contribution of '^C- fusion for the reaction 
'8'Ta('sO,a2n)'5'Au8, [Figs. 5.4.10(a-c)], is found to be =20.5%, 28.6% and 
52.5% while the contribution from '^O-fusion is found to be =79.5%, 
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71.4% and 47.5% at three different projectile energies (81, 90 & 96 MeV) 
respectively. While, in case of the residues '5°Au8, peaks at the cumulative 
catcher thicknesses are found at « 181±22, 196±25 and 213±35 pg/cm^ (due 
to '2C-fusion) and at « 290±50, 282±35 and 286±51 pg/cm^ (due to "re-
fusion) at three studied energies —81, 90 &. 96 MeV. The relative 
contribution of ^^C-fusion for the reaction '8Ta('^0,a3n)i5°Au8, [Figs. 
5.4.11 (a-c)], is found to be «11.6%, 29.8% and 35.8% while the 
contribution from '^O-fusion is found to be »88.4%, 70.2% and 64.2% 
respectively at 81, 90 & 96 MeV beam energies. The observation of peaks 
at relatively smaller cumulative depths clearly indicates relatively less 
degrees of LMT involved in the process. The percentage relative 
contributions for different CF and/or ICF components for the residues 
populated via a-emisston channels deduced from RRD data are also 
indicated in Table 5.2. 
The FRRDs for '^ I^r? residues populated via 2a3n channel, are shown in 
Figs. 5.4.12(a-c). As can be seen from these figures, the FRRDs may be 
resolved into three Gaussian peaks, indicating the presence of three 
different linear momentum transfer components associated with the fusion 
of ^^O, '^ C and ^Be. The reaction products '^ I^r? may be formed via CF and 
/or ICF of '^O with '^'Ta. In case of CF, the composite system '^^Tl" is 
formed, which may decay via the statistical emission of two a-particles and 
3 neutrons leaving behind the above mentioned residue. On the other 
hand, the residue '^ I^rs may also be populated, if it is assumed that, the 
incident '^O ion breaks-up into its fragments (e.g., '^ C & a and ^Be & ^Be), 
one of the fragments ('^ C) fuses with the target nucleus forming an in-
completely fused composite system '^^Au*, which decay by the emission of 
an a-particle and three neutrons forming ^^ I^rs. Moreover, if ^Be fuses with 
the target, in-completely fused '^^Ir* will be formed which may emit three 
neutrons to leave the residue '^ ^Ir. The Fig. 5.4.12 show three LMT 
components for '^ I^r^  arising out of the three modes of formation. The 
peaks for these distributions are at «100±27, 70±21 and 121 ±21 pg/cm^ 
(fusion of 8Be), at ~183±13, 166±27 and 213±23 pg/cm^ (fusion of '^ C) 
and «258±38, 262±40 and 290±50 pg/cm^ (fusion of '^O) at the three 
respective energies. From the above, it can be inferred that the residues 
'86|rs produced through 's'TaC^O, 2a3n) channel has the contribution from 
both the processes namely, CF and ICF. Further, the relative contribution 
of 8Be - fusion for the reaction '8Ta('60,2a3n)'86|r8, [Figs. 5.4.12(a-c)], is 
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Figure 5.4.9: Experimentally measured forward recoil range distributions 
for '52Au8(an) at projectile energies —81, 90 and 96 MeV. The lines joining 
data points are the result of best fit to the experimental data points. 
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Figure 5.4.11: Experimentally measured forward recoil range distributions 
for '9°Aus(a3n) at projectile energies -81, 90 and 96 MeV. The lines joining 
data points are the result of best fit to the experimental data points. 
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found to be «21.2%, 17.0% and 42.7%, relative contribution for 're-
fusion in the same reaction, is found to be =18.0%, 23.7% and 35.5% 
while the contribution fronn '^O-fusion is found to be «60.8%, 59.3% and 
21.8% at 81, 90 and 96 MeV projectile energies respectively. 
In order to get the confidence in the experimentally measured FRRDs, an 
attempt has been made to theoretically estimate the most probable mean 
ranges, RpfTh), using range-energy relation. The experimentally measured 
most probable mean ranges Rp(expt) for both CF and/or ICF components, 
in case of a-emitting channels are shown in Table 5.3, and are found to 
agree well, in general, with the theoretically calculated range values 
within the experimental uncertainties. In Table 5.3, the errors shown in 
Rp(expt) indicates the FWHM of the Gaussian distribution of the 
experimental data. It may be observed from the RRD data that in some 
cases, the peak corresponding to a particular fusion component at higher 
incident energy is observed at slightly lower thicknesses than the peak at 
lower beam energy. This may be due to the finite resolution in RRD data 
and the fact that the catcher foils may also have uncertainty in their 
thicknesses. 
Table 5.2: Relative contributions of CF and ICF processes, at —81, 90 and 
96 MeV energies, deduced from RRD data. 
Residue Eiab (MeV) CF of '60(%) ICF of '2C(%) ICF of 8Be(%) 
'92Au8(an) 
81 79.2 20.8 -
90 88.5 11.5 -
96 76.2 23.8 -
'5'Au8(a2n) 
81 79.5 20.5 -
90 71.4 28.6 -
96 47.5 52.5 -
'50Aus(a3n) 
81 88.4 11.6 -
90 70.2 29.8 -
96 64.2 35.8 -
'8sir8(2a3n) 
81 60.8 18.0 21.2 
90 59.3 23.7 17.0 
96 21.8 35.5 42.7 
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Table 5.3: Experimentally measured Rp(expt) deduced from RRD curves 
and theoretically calculated Rp(Th) for ICF components at =81, 90 and 96 
MeV energies. 
Residue 
Rp(expt) 
((jg/cm^) 
(CF of '«0) 
RpfTh) 
(pg/cm2) 
(CF of '60) 
Rp(expt) 
(pg/cm2) 
(ICF of " O 
Rp(Th) 
(tig/cm^) 
(ICF of ><) 
Rp(expt) 
(pg/cm2) 
(ICF of=Be) 
Rp(Th) 
(pg/cm2) 
(ICF of 8Be) 
Energy (E) =81 MeV 
"2Au8(an) 275±60 267 145137 198 - -
'5'Au8(a2n) 256±48 267 165127 198 - -
'90Au8(a3n) 290±50 267 181122 198 - -
'=61r«(2a3n) 258±38 267 183113 198 100127 108 
Energy (E) «90MeV 
'52Au8(an) 256+37 287 168120 215 - -
'9'Au8(a2n) 281±43 287 170137 215 - -
"OAusCaBn) 282±35 287 196125 215 - -
'86ir8(2a3n) 262±40 287 166127 215 70+21 117 
Energy (E) «96 MeV 
'92Au8(an) 290±47 298 200135 227 - -
'9'Au8(a2n) 294±45 298 204143 227 - -
'9°Au8(a3n) 286±51 298 213135 227 - -
'86lr8(2a3n) 290150 298 213123 227 121121 122 
In order to study the energy dependence of CF (full LMT) and ICF (partial 
LMT) components, percentage relative contributions of the CF and ICF 
components are plotted against the projectile energy in Figs. 5.4.13(a-b) 
and Figs. 5.4.14(a-b) for all the four a-emitting channels. The overall errors 
in relative contributions are expected to be less than =10%. As can be seen 
from the Fig. 5.4.13 (a) that in case of an channel the relative percentage 
contribution of CF and ICF remains almost constant. However, it may be 
observed from Figs. 5.4.13(b) and Figs. 5.4.14(a), in case of a2n and a3n 
reaction channels (which are expected to be populated via both CF and/or 
ICF process), the CF contribution decreases with projectile energy, while 
the ICF contribution (fusion of '^ C) is found to increase with projectile 
energy. Further, from Fig. 5.4.14 (b), in case of 2a3n reaction channel, the 
relative contribution for the CF of '^O decreases and the contributions of 
ICF of '^O (fusion of '^ C and ^Be) increases with incident energy. It may, 
however, be inferred that, in general, ICF starts dominating for individual 
reaction channels as the projectile energy increases. While deriving the 
relative contributions from the fitting of RRD data, the value of yj- was 
minimized in the present analysis using a non-linear least-square fit routine, 
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keeping the wid th (COA) of the distribution as a free parameter and most 
probable mean range (Rp) has been kept at the peak position. As such, only 
the width remains as a free parameter. Moreover, as indicated in Figs. 
5.4.9 to 5.4.12. the RRD for the corresponding residues show more than 
one LMT components (RRD peaks). In such cases, the experimentally 
measured normalized yields have been fitted using the multi-peak opt ion, it 
may, however, be pointed out that choosing the wid th of Gaussian peak as 
a free parameter may influence the relative contributions derived from the 
RRD data. In the present work the minimization of y^ and selected values 
of F W H M for the peak in the complex RRD data were found to fit the 
experimental data satisfactorily. In the present work an attempt has been 
made to disentangle the CF and ICF contributions by fitt ing the FRRDs wi th 
Gaussian constrained at a range expected for full momentum transfer to 
estimate their relative contributions. The values of FICF deduced f rom ICF 
data are plotted as a function of normalized beam energy (Ebeam/CB) in Fig. 
5.4.15. As can be seen f rom this figure that the ICF fraction increases wi th 
energy rapidly at lower energies, however, at relatively higher energies the 
FicF seems to move towards saturation for '^O+'^'Ta system. Further, 
extrapolation of this curve in the lower energy region clearly indicates the 
onset of ICF processes even at energies very close to CB i.e., from —5% 
above CB. It may be pointed out here that the F|CF given in Fig. 5.2.4, 
presents the lower limit of in-complete fusion contributions as several other 
ICF channels could not be measured due to their short half-lives, and/or 
low intensity y-lines of the residues. It may not be out of place to mention 
that similar observations of ICF contributions increasing wi th energy and 
mass asymmetry have been reported by Morgenstern et. al [15]. However, 
their work involved measuring the velocity spectra employing time of flight 
method in the lighter systems and also at relatively higher energies —10-25 
MeV/n. 
Further, Fig. 5.4.16 shows the ICF contributions of different Au isotopes at 
three different projectile energies. It may be observed f rom this figure that 
the production of '^°Au8 via ICF channel is nearly same at 81, 90 & 96 MeV. 
However, the production probability of '"Aus is largest at 90 MeV and 
smallest at 96 MeV wi th some intermediate value at 81 MeV. Further, a 
comparison of production probability of 'SO'S'-'SSAUS at 81, 90 and 96 MeV 
indicates that maximum production of '^ZAUS is at 90 MeV and smallest at 
81 MeV. However, at 96 MeV it has some intermediate value. 
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The present data seems to be explained on the basis of BUF model 
assuming that as the incident ion comes near the field of target nucleus, it 
may break-up into its fragments and one of the fragments may fuse with 
the target nucleus resulting finally into partial linear momentum transfer. 
The presently measured FRRD data clearly indicates that the momentum 
(mass) lost in case of ICF processes at the time of interaction preferentially 
originates from the incident beam nuclei. A more detailed particle y-
coincidence experiment for this system ('^O+'^Ta) is proposed, to have 
better insight in the reaction mechanism and the associated C-values in case 
of CF and ICF processes. 
5.5 Analysis using SUMRULE model 
As has already been mentioned, it is possible to calculate cross-sections for 
CF and ICF channels using the SUMRULE model [20]. The underlying 
assumption in the SUMRULE model is that the ICF channels open only for 
those partial waves which have £ values greater than £criticaii-e., {I > c^ritical)-
On the other hand, partial waves with t < Ccnticai values contribute to CF. 
There are three important parameters in the model viz., the temperature T 
of the contact zone, the diffuseness A of the Te distribution and the 
Coulomb interaction radius Re. The values; T=3.5 MeV, A=1.7 h and 
Rc=1.5 fm have been suggested [21] for these parameters. The reaction 
residues, experimentally measured range integrated cross-sections obtained 
from the recoil range distribution data and cross-sections calculated by 
SUMRULE model for presently measured ICF channels populated in the 
system '^O -l-'^ 'Ta at =81, 90 and 96 MeV incident projectile energies are 
given in Table 5.4. As may be seen from this table, that there is a large 
discrepancy between the measured and calculated cross-section values for 
these channels. Wilczynski et. al. [20], tested the SUMRULE model for 
some reactions at =10 MeV/nucleon energy and found satisfactory 
agreement in the calculated and experimental cross-sections. The SUMRULE 
model calculations, carried out for the present system, which allow the ICF 
processes only for t > tent, underestimates the presently measured ICF 
cross-section data by a few orders of magnitude. As a typical example the 
experimentally measured cross-sections a(expt) for (a3n) and (2a3n) 
channels are = 64.0 ± 9.6 mb and 5.0 ± 0.7 mb, however, the 
theoretically calculated SUMRULE values a(Th), are found to be 1.32 xlO'^ 
mb and 3.02 xlO^^ mb at 81 MeV beam energy. These discrepancies may 
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indicate deviations in the assumptions of the model. Similar deviations have 
also been found by Parker et. al.,[22] in their study on '^c+^'V system up to 
100 MeV (=8 MeV/nucleon). The SUMRULE model assumes sharp cut-off 
C-values for CF and ICF processes. The possible reason for the disagreement 
between the presently measured and SUMRULE model calculations for ICF 
channels may be the non-validity of the concept of critical angular 
momentum at these low energies. The present findings indicate a diffused 
boundary in £-space which may penetrate close to the barrier. The cluster 
structure of the incident ion may also play an important role in ICF 
reactions. 
Table 5.4: Experimentally measured and theoretically calculated cross-
sections using SUMRULE model for the residues populated via axn (x = 1, 
2 & 3) and 2axn (x =3) channels in '^O-l-'^Ta system. 
Re$idue(s) 
RRD @ 81 MeV RRD @ 90 MeV RRD @ 96 MeV 
o(expt) 
(mb) 
a(Th) 
(mb) 
a(expt) 
(mb) 
a (Til) 
(mb) 
o(expt) 
(mb) 
oCTh) 
(mb) 
"2Au« (an) 6.0±0.9 0.87 144.0+21.6 1.85 25.0±3.75 2.49 
'9'Au8 (a2n) 11.0±1.65 0.20 46.0+6.9 0.43 0.6±0.09 0.57 
"°Au8 (a3n) 64.019.6 1.32x102 36.0±5.4 0.03 12.0±1.80 3.79 xlO^ 
's l^rs (2a3n) 5.0±0.75 3.02x10-5 4.2±0.63 6.44x10-3 0.5410.08 8.69 xl03 
5.6 Angular distributions 
The analysis of EFs for the presently studied system ^^0+^''A\, as mentioned 
in Section 4.3, clearly indicates that these reactions have significant 
contributions from the processes other than that of CF. To confirm the 
reaction mechanism involved, a specially designed experimental setup was 
used, as shown in Fig. 2.5 of Chapter II. In this experiment, an Al-target 
supported by a natural thulium material of thickness a=0.48 mg/cm^ 
followed by a stack of thick annular concentric Al-catcher foils was used. 
Depending on the momentum transfer from the projectile to the composite 
system, the residues formed by CF and ICF processes get trapped in the 
concentric annular aluminum catchers at different angles. The residues that 
are expected to be populated by a mechanism such as a direct reaction may 
be stopped within the thulium layer. The measured angular distributions for 
the reaction ^^Ali^^O^any^G is shown in Fig. 5.6.1. Two peaks are 
observed, one around 0°-13° may be assigned to the residues populated by 
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complete fusion, and the other peak in the angular range 45°-60° may be 
assigned to the residues populated by ICF processes. Note that, out of the 
five reactions identified in the EF measurements, only the y-ray of 146.5 
keV corresponding to the reaction 27AI('60,2an) could be identified from its 
energy as well as the half-life of ^^d residues in the angular distribution 
measurements. The residues formed by CF are likely to recoil in the 
forward cone, as such peaking of angular distribution around 0° indicates 
the population of residue ^^ C^l via CF. However, the same residue '^'Cl 
when populated by ICF of '^O will show peak at much higher angles. 
Therefore, it may be concluded that the basic mechanism of population of 
'^'Cl may be based on both CF and ICF processes. 
10' — T — ' — I — " — I — ' I ' I — ' — I — ' — r 
"AI("'0,2an)''CI 
o 
to 
Q.,h (degree) 
Figure 5.6.1: Measured angular distribution for reaction 2^AIC*0,2an)3'*CI. 
The lines joining data points are just to guide the eyes. 
However, in case of reactions ^''A\{'^03a3py^Mg, ^^MQ^O,SaSpny^Mg, 
"AI('60,4a2pn)24Na and 27A|(i60,4a3p)24Ne, the EF analysis clearly 
indicated that these residues are not likely to be populated by the CF 
process as the theoretical calculations based on statistical model give 
negligible contribution for these reactions. This is further confirmed from 
the angular distribution measurements, since no y-peak corresponding to 
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these residues has been observed in any of the angular zones. Thus, these 
residues are not likely to be populated either via complete or in-complete 
fusion processes. However, these residues may be formed by direct reaction 
process, where the ejectile takes away a large fraction of the energy and 
hence, the residues formed may have ranges much smaller than those of 
residues formed by CF and/or ICF processes and may be trapped in the 
thulium layer. 
5.7 A note on spin distributions and feeding intensity profile 
studies 
Apart from obtaining the relative contributions of CF and/or ICF processes 
in heavy ion reactions and their energy and mass asymmetry dependence, 
other most debated and still out-standing issues about the ICF reaction 
dynamics at energies —4-7 MeV/nudeon are i) the estimation of the 
localization of t-window and ii) to examine the possibility to populate high 
spin states via ICF. As such, in order to understand above issues two 
particle y-co-incidence experiments have been performed [23-25], to draw 
some co-relations between driving angular momenta and successively 
opened ICF channels. Details of these experiments, carried out at the lUAC, 
New Delhi, Pelletron Accelerator Facility, are given elsewhere [23-25]. 
However, for the sake of completeness a brief description of how the 
particle y-co-incidence experiments may give useful information in this 
regard is given here. The experimental arrangement consists of a Gamma 
Detector Array (GDA) along with a Charged Particle Detector Array 
(CPDA). The GDA is an assembly of 12 Compton suppressed high 
resolution HPGe y-spectrometers at 45°, 99° and 153° with respect to the 
beam axis and there are four detectors at each of these angles. However, 
CPDA is a set of 14 Phoswich detectors housed in a 14-cm diameter 
scattering chamber, covering nearly 90% of the solid angle. The division of 
these detectors into forward (F), backward (B) and sideways (S) zones was 
used to differentiate between forward and backward going a-particles. The 
fast a-particles (due to ICF process) were detected in the forward cone. The 
in-beam prompt y-ray spectra have been recorded in multi-parameter 
mode, which includes different co-incidences like; a and 2a detected in 
backward, forward and 90° angles. Finally, several CF and ICF channels 
have been identified in co-incidence with forward and backward emitted 
a-particles. As a typical example, the experimentally measured spin 
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distributions for the residues '^°lr(5n), '"Re(a4n) and '^'*Ta(2a3n), in the 
i60+i69Tpn system, are shown In Figs. 5.7.1 (a) [23]. As can be seen from 
this figure that the patterns of spin distributions of the residues populated 
via CF and ICF processes are entirely different. A comparison of the spin 
distribution of the same residue '^ ''Re identified in co-incidence with 
backward (B) and forward (F) going a-particles clearly indicates the entirely 
different spin distribution patterns, a characteristic of such processes. As can 
be seen from this figure that the intensity of yrast line transitions decreases 
gradually with high spin for CF, while in case of ICF, the intensity remains 
almost constant upto a certain limiting spin value and then decreases 
rapidly for higher spins, indicating the entirely different de-excitation 
patterns for CF and ICF from entry state to the yrast line. This implies a 
rather smooth and broad feeding distribution for "yrast states" in case of 
CF. However, for ICF channels this distribution must have a 'narrow 
window' meaning thereby a well localized angular momentum region 
where a given projectile like fragment is emitted in contrast to the large 
window for fusion reactions. The same is reflected from the feeding 
intensity profiles shown in Figs. 5.7.1 (b) [23]. 
The complementary and useful information that can be obtained from the 
above results is that the value of mean input angular momentum increases 
with direct a-multiplicity in the forward cone, which indicates the 
competition from successively opened ICF channels for each £-value above 
C„i( for normal fusion (CF), even at projectile energies ~5-6 MeV/nucleon. 
This confirms that the ICF reactions predominantly occur due to the 
influence of centrifugal potential at higher values of input angular momenta 
where CF is expected to be dominant. As such, it may not be out of place 
to mention that the ICF is a natural extension of the fusion processes for 
those interaction trajectories for which the limit of input angular momenta 
do not allow the CF to occur. From the analysis of some of our recent 
experiments [23-25] it has been concluded that ICF can populate a given 
residue via ICF channel with a relatively large angular momentum 
compared to that populated via CF process. As such, the study of ICF 
reactions also opens an opportunity to populate and study the residues 
with higher spins, even at lower projectile energies. An extension to this 
work is in progress to obtain better insight into the reaction dynamics and 
associated £-values. 
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Figure 5.7.1 (a) Experimentally measured spin distributions for different 
residues populated via xn (CF product) and axn/2axn (both CF and/or ICF 
products), (b) Deduced feeding intensities of gamma cascades of different 
ER's expected to be produced via; xn, axn and/or 2axn channels in 
i6o+i69jpn system at =5.6 MeV/nucleon. The lines and curves through data 
points are drawn to just guide the eyes. 
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Conclusions and Future Perspectives 
In the present work, experiments have been carried out to study the heavy 
ion reaction dynamics at energies from near the Coulomb barrier to well 
above it. An attempt has been made to study the CF and ICF of '^O with 
isija, losp^ h and ^^AI targets. Analysis of data has provided significant 
information about CF and ICF reactions. To be more specific, in order to 
study the influence of ICF on CF, the EFs of fourteen radio-nuclides; '^ ''TIs, 
194Jlm^ 193-J-lg^ '53J|m^ 152Jlg^ 152-|-lm^ ' ^^HgS , ^^^Hgr", ^^^Hg, ^^^HgS, ' ^ IHg"! , 192Aug, 
'^'Ausand '5°Au8 produced in '^O+'^'Ta system, eight radio-nuclides; "^Jes, 
iisjem^ ii4Te^ iioin g^  iio|nm^ io8|r,g^  losinm and 'o^ Agg produced in '^o+'o^Rh 
system and five radio-nuclides; '^*CI, ^sMg, ^^Mg, ^4^3 and ^"^hie produced 
in '^ O-h^^AI system have been measured. The experimentally measured EFs 
have been compared with the predictions of the theoretical model code 
PACE4. The measured EFs for xn and pxn channels, likely to be populated 
by CF process are, in general, well reproduced by the theoretical 
calculations. However, the enhancement of the experimentally measured 
production cross-sections over the theoretical model predictions have been 
observed for most of the a-emission channels. The enhancement may not 
be due to the experimental uncertainties as they have been estimated to be 
<15 %. As such, this enhancement has been attributed to the contribution 
coming from ICF reaction dynamics. Further, in order to understand the 
influence of ICF on CF, the percentage fraction of in-complete fusion (FICF) 
has been deduced as a function of beam energy and mass asymmetry of the 
interacting ions. The F|CF has been found to be very sensitive to the 
projectile energy, and also to the mass asymmetry of interacting partners. 
Further, the value of F|CF is found to be - 4 . 0 % for '^O + '"^Rh system 
while for '^O + '^Ta system it is found to be around =12.0% at the same 
normalized projectile energy (i.e. EbeamA'b =1.38). This indicates the 
sensitiveness of FICF on the atomic mass number of the target. In order to 
have a better insight into mass asymmetry dependence the values of FICF for 
several projectile-target systems (including some literature results) are 
compared. In general, the value of F,CF is found to increase with the mass 
asymmetry, separately for '^O and '^ C projectiles. From the above, it may 
be inferred that, not only mass asymmetry of interacting partners but the 
projectile structure also affects the ICF population. Further, the observation 
of large percentage F,CF may be attributed to the prompt break-up of 
projectile ' *0 into its a-clusters ('^ C-h'^ He and/or «Be-l-^ Be). The break-up 
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probability increases with the incident projectile energy, and hence the 
percentage F|CF nnay increase with projectile energy. It may also be pointed 
out that the present observations are in agreement with the systematics 
presented by Morgenstern et al. [15]. The observation of large percentage 
F|CF in case of '^O-projectile as compared to '^ C induced reactions may be 
because of the fact that the '^O is assumed to be a group of 4a-ciusters, 
while '^ C consists only of 3a-clusters. The above mentioned 
description/discussion on ICF based on the measurement and analysis of EFs 
strongly reveals that apart from CF, the ICF is also a process of greater 
importance at these energies. 
In order to study the energy dependence and fusion in-completeness in 
these processes, the forward recoil range distributions (FRRDs) for the 
following twelve radio-nuclides; ''^Tl. " ^ j l , is^TI, ''^Hgs, '93Hgm^ i92Hg, 
i9iHgg, '9'Hg^, '52Au8, "^Aus, '5°Aus and '^^Irs produced in '^o+'S'Ta system, 
at three different projectile energies —81, 90 and 96 MeV have also been 
measured. Different linear momentum transfer components attributed to 
the fusion of '^O and/or of '^ C and/or ^Be from ^^ O projectile to the target 
nucleus have been observed. The results presented on the measurement 
and analysis of forward recoil ranges of heavy reaction products, strongly 
reveal a significant contribution coming from partial linear momentum 
transfer of projectile associated with in-complete fusion. An attempt has 
also been made to obtain the percentage relative contributions of complete 
and/or in-complete fusion components, which show ICF as a competing 
mode of reaction at these energies. The break-up fusion model of ICF has 
been found to explain the measured FRRDs at the energies of interest. 
Based on RRDs analysis, it may be concluded irrefutably that the residues 
are not only populated via CF but ICF is also found to play an important 
role in the production of different reaction products involving direct a-
cluster emission. The experimentally measured most probable recoil ranges 
Rp(expt) have been compared with those estimated by using range energy 
formulations, and are found to be generally in good agreement. The results 
obtained clearly indicate the partial fusion of projectile with target nucleus 
associated with ICF at these energies. Calculations for cross-sections have 
also been performed using SUMRULE model. The cross-sections for in-
complete fusion channels calculated with SUMRULE model are found to be 
significantly small as compared to the measured values. The large 
discrepancy for ICF channels may be due to the cluster structure of the 
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projectile and/or due to the non-validity of the concept of critical angular 
momentum at these energies. Further, the present findings indicate a 
defused boundary for €-values which may penetrate close to the barrier. 
Further, angular distributions in the system '^O+^^AI have also been 
measured. From the study of the angular distributions of the residue, it may 
be inferred that in the case of complete fusion, the residues are emitted in 
the forward cone along the beam direction, while for in-complete fusion 
the recoiling residues emerge at relatively large angles with respect to the 
beam direction, as expected. As such, angular distributions of residues with 
respect to the beam direction may also provide complementary 
information about the complete and in-complete fusion processes. The 
analysis of angular distribution data confirms the presence of significant 
contribution from the ICF process in the "AIC^O, 2an)3'*Cl reaction. 
As an extension of the present work, it is proposed to carry out some 
experiments to measure the energy spectra of projectile-like fragments, 
which is supposed to be an extra degree of freedom to explain the findings 
of the present work. The extension of the present work at relatively higher 
energies would also be interesting, and will be helpful for the refinement of 
the present findings. The data of present measurements may be of use in 
developing a model for in-complete fusion and also for developing the 
systematics employing several projectile-target parameters and energies of 
incident ions. 
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An experiment wa.^  cairied out to explore heavy ion incomplete fusion reaction dynamics, within the framework 
of the break-up fusion model, at energies near and above the Coulomb barrier. Excitation functions for several 
radionuclides produced via xn. pxn, and axn channels were measured in the " 0 + '"Ta system at energies of 
«76-100 MeV. The experimental excitation functions were compared with those calculated using the theoretical 
model code mCE4. It was observed that excitation functions of xn/pxn channels are in good agreement with 
thcorclical predictions. However, a significam enhancement in the measured excitation functions of or-emitting 
channels was observed and attributed to the incomplete fusion processes. The incomplete fusion hraction (.Fvy) 
that gives the relative importance of complete and incomplete fusion processes was found to increase with energy. 
The results are discussed in terms of m-cluster structure of the projectile on various fusion reactions. 
PACS number($): 25.70.Jj, 25.70.Gh DOI: I0.1103/PhysRevC.80.014601 
I. INTRODUCTION 
For many years, the study of heavy ion (HI) induced 
reactions has beei\ used as an important tool to understand 
the reaction dynamics and the decay characteristics of excited 
compound nuclei at energies near and above the Coulomb 
barrier (CB) [1-4]. It is now experimentally established that 
complete (CF) and incomplete fusion (ICF) are the most 
dominating modes of reaction processes at these energies 
[S-IO], III the case of CF, all the nucleons of the projectile 
and taiget nuclei lose their identity and form a single, 
excited complex system, which may eventually lead to a fully 
equilibrated compound nucleus (CN). The equilibrium state 
occurs as the composite system produces an intense mean field 
that prevents the escape of nucleons from the excited complex 
system and leads to complete thermalization. At later stages, 
the CN de-excites via emission of light nuclear particle(s) 
and/or the characteristic y rays. However, in case of ICF, as 
the projectile comes within the field of the target nucleus, 
it is assumed to break up into its fragments (predominantly 
into a clusters, in the case of the projectiles having an 
a-oluster structure), where one of the fragments may get 
fused with the target nucleus leading to the formation of an 
excited incompletely fused composite (IFC) system with a 
mass and/or clitige less than the CN formed via CF (71. The 
unfiised fragment flows in forward cone with almost projectile 
velocity. Further, it has also been observed that, apart from 
CF and ICF, pre-equilibrium (PE) emission of light nuclear 
particles may also take place at these energies before the 
thermalization of the composite system [11-15], Recently, it 
has been observed that ICF becomes more and more dominant 
as the projectile energy increases [ 16-21 ]. The different modes 
'dpsingh]9i^ gmaiI.com 
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of reactions can also be understood on the basis of driving 
input angular momenta imparted into the system. The CF 
occurs for the input angular momenta values </cni, as per 
the sharp cutoff approximation. However, at relatively higher 
projectile energies and/or at larger impact parameters, ICF 
starts influencing the CF. It may, further, be pointed out that the 
multitude of driving input angular momenta may vary with the 
projectile energy and/or with the impact parameter. However, 
there is no sharp boundary for the CF and ICF processes; 
both the processes have been observed below and/or above the 
limiting value of input angular momenta [22]. A few reports 
have indicated that ICF can selectively populate high spin 
states in die final reaction products at low bombarding energies 
and can be used as a spectroscopic tool as well [23,24]. The 
ICF reactions have been demonstrated to populate neutron-rich 
nuclei compared to conventional fusion-evaporation reactions, 
opening possibilities for the study of nuclei along the neutron-
rich side of the line of stability [25]. 
A variety of dynamical models/theories, like the Break-up 
Fusion (BUF) model [26], the SUMRULE model [27], the 
Prompdy Emitted Particles (PEPs) model [28], the EXOTON 
model [29], the Hot Spot model [30], the Multistep Direct 
Reaction theory [31], and the Overlap model [32-34], have 
been proposed to explain ICF dynamics. Apart from the 
aforementioned dynamical models, Mogenstcm et al. [35,36] 
investigated the mass asymmetry dependence of the ICF 
contribution. The details of the above models are given in 
Ref. [20]. It may, however, be pointed out that these models 
correctly predict the magnitude of ICF, to some extent, in 
some cases at energies ^ 10 MeV/nucleon, but none of these 
models/theories is able to successfully explain the ICF data 
at energies of as4-7 MeV/nucleon. As such, the study of ICF 
is still an active area of investigation. Despite the existence 
of so many models, a clear picture of the mechanism of ICF 
is yet to emerge, particularly at relatively low bombarding 
energies, i.e., Rwt-? MeV/nucIeon, where the systematic study 
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is available only for a few projectile-target combinations 
(5,201. 
As such, for better understanding of ICF dynamics at low 
energies, excitation functions (EFs) for several radionuclides 
produced in the '*0+'"T2 system (Zi.Zz = 584) have been 
measured in the projectile energy range »:76-100 MeV. It 
may be pointed out that, the charge multiplication Z; .Zj for 
the system is much less than 1600 and, therefore, the fission 
probability in this case is quite low (37]. Cavinato el al. [1] 
have also studied the same projectile-target combination and 
measured the EFs for the production of some isotopes of TI, 
Hg, Au, Pt, U, Os, and Re at energies of »;69~126 MeV. 
However, they have limited themselves to discussing the data 
concerning fusion nsactions only and have not made any 
commem about iCF even for those reaction channels where 
a particles are emitted. In the present work, cross sections have 
been measured for those residues that may be populated via 
ICF processes as well. In the wor)t of Cavinato el al. [I], a pan 
of the data is obtained using the thick target-catcher technique 
and a part from the angular distribution. In the present work, 
up to 100 MeV, the cross sections have been measured at eight 
different energies using the thiclc target-catcher technique. 
Further, as already mentioned, the cross sections for several 
reactions expected to be populated via CF and/or ICF processes 
have been measured. The data set.fropi Ref [1], in general, 
agree with the present work in the overlapping energy range. 
In the pressnt worK, thSi ' " ' " Pt isotopes studied by Cavinato 
el al [I] could not be delected because of long half-lives 
and low intensities of y radiations. Also, the cross sections 
for ""Hg could not be measured because the threshold for 
this reaction is above 100 MeV. Cavinato et al. [I] have 
not measured the cross sections for the individual reaction 
channels and have measured the cumulative cross sections 
for Hg and Pt isotopes. In addition to the work presented in 
Ref f I ], the cross sections for several T! isotopes populated by 
xnchannels("^Tl«, ''"TI"', "^Tl*, " ' T r , '«Tl«,and " ^ T D 
have been measured in thf present work, which could not 
be measured by Cavinato et al. (!]. In view of the above, 
the present work not only supplements the data of earlier 
work (I) but also provides a new cross-section database for 
several residues. Further, in the preseitt work, an attempt 
has also been made to estimate the relative contribution of 
CF and ICF to study the influence of ICf on CF processes. 
This article is organized as follows: a brief description of the 
experimental procedure is given in Sec. 11, comparison and 
analysis of the experimental data with the theoretical model 
predictions is presented in Sec. lllalong with the results and 
their interpretation. The conclusions drawn from the present 
study are given in the last section. 
II. EXPERIMENTAL PROCEDURE 
The experiment was performed using an '*.0''* beain 
delivered from the 15UD-Pelletron Accelerator at the. Inter-
University Accelerator Centre (lUAC), New Delhi, India. 
Targets of spectroseopically pure '*'Ta C=K99.99%) of thick-
ness «;1.5 mg/cm' were prepared at the target laboratory 
of lUAC, using the rolling technique. To trap the tecoiling 
products produced via different reaction processes. Alcatchets 
of appropriate thickness were placed after each target. The 
thickness of each target and catcher foil was separately 
measured by weighing and also by the o-transmission method. 
The ff-transmission method is based on the measurement of the 
energy lost by 5.487 MeV a particles (obtained from standard 
^*'Aitt source) while passing through the target material. 
Irradiations were carried out in the General Purpose Scattering 
Chamber (GPSC), which has an in-vacuum transfer facility 
(ITF). The targets along with the Al catchers in the form of 
a stack were placed normal to the beam direction, so that the 
recoiling products could be trapped in the catcher foils and 
there would be no loss of activity. The experimental setup 
(target-catcher foil arrangement) was similar to that given in 
Ref. [20]. Three stacks, each of four foils, three foils, and one 
foil, respectively, were irradiated at energies Of RslOO. 98, and 
88 MeV to cover a wide energy range. Keeping in view the 
half-lives of interest, irradiations were carried out for a;8-10 h 
for each stack. The Pelletrori crew provided a constant beam 
current «50 nA throughout iht irradiations. The beam fiux 
was calculated using the total charge collected in the Faraday 
cup, which was placed behind the target-catcher foil assembly. 
The activities produced after irradiation were recorded using 
a precalibrated. High Purity Germanium (HPGe) detector of 
Er(keV) 
240 270 300 330 360 390 420 450 480 510 540 570 600 630 
10' 
1000 
Fia. I. An observed y-ray spec-
truni of a "'Ta sample irradiated by 
an «I0O iVJe V'*0'* beaffl. 
1200 1400 1600 18Q0 2000 2200 2400 2600 2800 3000 
Channel number 
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TABLE I. List of final reaction producu along with populated 
channels and their spectroscopic properties. 
Residue T,n J' Ey (keV) ' , ( % ) 
"*Tr(3/i) 32.8 inin 1* 636.1 99 
"*T1'(3«) 33inin 2- 636.1 15.3 
"'Tl*(4n) 2.ltnin 9/2- 365.0 90.1 
'"Tl«(4ii) 21.6 min 1/2* 324.4,1044.7 15.2.8.99 
• ^ W C S B ) 10.6 min 7* 422.9 31.1 
""THCSn) 9.6imt\ 2- 422.9 31.1 
'"Hg'tpJn) 3.8 h 3/2- 381.6.539.0 
827.8,861.1 
1118.8 
11.0,1.2 
4, 13.0 
8.3 
"'Hg-(p3n) U.Sh 3/2- 258.1 60.0 
'"Hg(p4n) 4.85 h 0* 274.8 50.4 
"'Hg»(p5/i) 49 min 3 /2- 224.6,241.2 
331.7 
17.4,8.9 
. 11.24 
'"Hg-(p5n) SO.Smin 13/2* 420.3, 578.7 17.9,17.0 
'"Au'(a«) 4.94 h 1- 295.5,316.5 22.7,58.0 
'"Au'(a2ii) 3.18h 3/2* 283.9,399.8 6.3.4.5 
'«'Au'(a3n) 42.8 min r 295.9,301.9 71.0.25.1 
100 c.c. active volume coupled to a PC through CAM AC based 
FREEDOM software [38]. The detector was calibrated using 
various standard y sources, such as " t o , '"Ba, and "'Eu, of 
known strengths. The efficiency of the detector was determined 
at various source-detector separations. The detail of efficiency 
determination is given elsewhere [20]. 
A typical y-ray spectrum for the "O -l- "'Ta system at 
«!lOO MeV is shown in Fig. 1, where various y peaks 
corresponding to different reaction products populated via CF 
and/or ICF channels are indicated. Further confirmation of the 
identification of reaction products has been made by the decay 
curve analysis. Identified evaporation residues along with 
their important spectroscopic properties are given in Table I. 
A FORTRAN programnte based on standard formulation 
given in Ref. [20] has been used to determine the production 
cross sections of the reaction products. The experimentally 
measured cross sections for the population of residues via 
CF and/or ICF processes are given in TVibles U and III. The 
errors in these measurements may arise mostly because of 
(a) nonuniformity of the target foil, (b) uncertainty in the 
determination of the efficiency of the detector, (c) fluctuations 
in the beam current, (d) the solid angle effect, etc. Details of 
errors due to above-mentioned factors are given in Ref. [20]. 
Attempts were made to minimize the uncertainties due to all 
the above Victors. The overall error in the present work is 
estimated to be < 1 S%, including the statistical errors. 
i n . RESULTS AND ANALYSIS OF DATA 
To study the ICF reaction dynamics in the "O -t- '""ft 
system, the EFs for "^1», '»*T1", '»'T1«. " T l " , '""Tl'. 
'"Tl-", '"Hg*. '"Hg". '«Hg. '"Hg». «"Hg*, ' ' W A U ' , ' 
"' Au', and ""Au* radionuclides expected to be populated via 
CF and/or IC^ were measured. A list of reactions populating 
various residues, their half-lives, characteristic y lines, etc., is 
given in Table I. In general, a residue populated via a specific 
channel often emits several y rays of different energies. 
The cross section for the channel was determined from the 
measured intensities of several characteristic y rays and the 
value quoted is the weighted average of cross sections obtained 
for these y rays [.19]. 
A. ("O, xn) channels 
The measured EFs for residues populated via xn channels 
are shown in Fig. 2(a). Obviously these channels are populated 
only by CF. From the analysis of experimental data, activities 
corresponding to 3n, 4n, and 5n channels were identified. The 
identification was done on the basis of measured half-lives 
and y-ray energies of the residues. It may be pointed out 
that in the case of 3n and Sn channels metastable and ground 
states of "*T1 and "*TI are plotted. In both these cases, the 
metastable and ground states of the respective residues decay 
with y rays of nearly the same energy and half-life. As such, 
the observed composite decay curves give the sum of both the 
states in each case. Individual cross sections were obtained by 
dividing the measured composite cross sections in the ratio 
of their y-ray intensities [40,41]. '"Tl* " are populated by 
a An channel. The metastable state of a half-life of 5»2 min 
decays to the ground state, which has a half-life of »:22 min. 
Because counting of the irradiated samples was done after 
TABLE II. Experimentnlly measured cross sections for the residues populated in the interaction of "O with the "'Ta 
system. 
Lab energy <,(|»<T1") (T('«T1') o (" 'Tr) ' O('"T1') o('«Tl-) a('«Tl») a('"Hg') a(i»Hg") 
(MeV) (mb) (mb) (mb) (mb) (mb) (mb) (mb) (mb) 
7 6 ± I.I 2 ±0 .2 2 ±0.2 0.1 ±0.01 26 ±3.8 _ _ 23 ±3.5 8±0.8 
80 ±1.5 6 ±0.8 6 ±0.8 0.2 ±0.02 45 ±6.8 22 ±3.2 22 ±3.2 47 ±7.0 21±2.1 
85 ±1 .2 4 ±0 .5 4 ± 0 . 5 0.3 ±0.03 68 ±10.2 61±9.1 61±9.1 60 ±8 .9 30 ±3.0 
87 ± 1.0 3 ±0.4 3 ±0.4 0.2 ±0.02 46 ±6.9 44 ±6.5 44 ±6.3 49 ±7 .4 22 ±2.2 
88 ±1.6 2 ±0.2 2 ±0 .2 0.2 ±0.02 44 ±6.5 91 ±13.7 91 ±13.7 42±6.2 24 ±2.3 
93 ±1.1 2.5 ±0.3 2 ±0 .3 0.1 ±0.01 35 ±5.2 184±27.6 184 ±27.6 29 ±4 .4 13±1.3 
97 ± 1.0 2 ±0.3 1.5 ±0 .2 0.1 ±0.01 15 ±2.3 171 ±25.5 171 ±25.5 I2±1.7 8 ±0.7 
99 ±0.9 l ± 0 . 1 1±0.1 0.1 ±0.01 17±2.5 222 ±33.3 222 ±33.3 I0±1.5 6 ±0.5 
'Cross-seclion values give an upper limit. 
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TABLE in. Experimentally measured cross sections for the residues populated in the interaction 
of "O with the "'TIS system. 
Lab energy 
(MeV) 
<r('"Hg) 
(nib) 
<T("'Hg') 
(mb) 
<T("'Hg") 
(mb) 
<r("«Au') 
(mb) 
<T('"Au') <i("°Aa') 
(mb) (mb) 
80 ± I.S 4 ±0 .5 
- _ 
2 ±0.2 ^ _ 
85 ±1 .2 40 ±6 .0 
- -
I0±1.5 
_ 8 ± l . 3 
87 ± 1 . 0 36±5.5 
- -
12±1.8 2 ±0 .3 6 ±0.8 
88 ±1 .6 65 ±9.8 3 ±0.5 0.3 ±0.04 31 ±4,6 2 ±0.3 23 ±3.5 
93 ± 1.1 121 ±18.2 5 ±0.7 3 ±0.5 46 ±6.9 3 ±0.5 20 ±2.9 
97 ±1 .0 I 3 I ± 6 7 ± .9 8 ± l . 2 63 ±9.5 14±2.1 40 ±5.9 
99 ± 0 . 9 154 ±23.2 I4±2.1 18±2.7 50±7.5 22 ±3 .2 21 ±3 .2 
10' t - — aJRef.l) — < - oj'*n-l) -
i-»-<r^(Ref.1) - , - • — * r * 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
10' 
<T (^'" r^))i 
«^.(R«f.i) 
*-''«.l"'M9") 
' - . ^ ( ' " H B " ) ] 
l ' — ' M 
^r^ 
PACE4;K»10 
- -PAC64;K»9 
- • PACE4;K=8 
r 1 1 ^ 1 1 1 1 t T I r 1 f • • ' ' ' • • ' • ' • " ' 
(C) 
80 85 90 95 
Energy (MeV) 
100 105 
FIG. 2. (Color online) Measured EFs for (a) xn (x = 3.4, and 
3) channels «nd (b) pxn i,x = 3.4, and 5) channels. In panels (a) 
and (b), the spline-like lines joining the experimental data points ate 
just to guide the eyes. Panel (c) shows the sum of cross sections 
for the xn and pxn channels. The effect of the variation of the 
choice of the level density parameter AT = 8.9, and 10 (doited, 
dashed, and solid lines, respectively) on calculated Eocp is »I50 
shown. 
about 10 min from the cessation of irradiation, the measured 
cross sections for the ground state also contain contritsutions 
«0 .38%) fiDm the metastable state. As such, an upper limit 
for the cross section for the independent production of the 
metastable state has Ijeen determined and \i given in Tbble II. 
The sum of cross sections (S(T„)forall the populated residues 
produced via xn (A: = 3 ,4 , and S) channels is also shown in 
Fig. 2(a), indicating the initial rise in E<T„ values and then 
nearly saturating at higher enei^gies. 
B. ("O, pxn) channels 
In the case of pxn channels, there is no likelihood of \CP 
and, therefore, these channeb are also populated by CF only 
like xn channels. Residues corresponding to p3n, p4n. and 
p5/l channels have been identified tiirough their characteristic 
y rays and also by the respective half-lives. In the case of the 
p3n and p5n channels metastable and ground states of the 
residues are populated while in the case of the p\n channel 
only one state is formed. All the residues in the pxn cases 
decay independently with their respective half-lives and y rays 
of known energies. The cross sections for these channels are 
plotted in Fig, 2(b) and are tabulated in Tables 11 and III, Note 
that in the case of pxn channels the residues may be populated 
both by independent formation and also by the decay of the 
higher charge isobar precursor as shown below: 
' 0 + '"'I^-
197 
' T 1 * = > ' " T 1 * - ( - 4 « ; 
'"Hg -I- / S ^ / f C ; 
(precursor decay) 
iw T l * = » " ' H g + p3n. 
(independent decay) 
Similarly, the population of residues "^Hg and "'Hg may also 
be expected via the independent decay as well as the precursor 
decay of the type: 
"O •>!• '"-ft = ( • '"Tl* ==* "^Tl* -I- 5/i; 
' « T I ' = * " 2 H g - ( - / 5 V E C ; 
(precursor decay) 
160 + m-i^ = s , '"Tl* = » '"Hg -1- p4n; 
(independent decay) 
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and 
"0+"'T^: 
'»'Tf = 
l«0 + l«'i^, 
"^Tl* = > '"Tl* + 6/1 
'"Hg + ^* /£C; 
(precursor decay) 
i«l Hg + p5n. 
(independent decay) 
However, in the case of the pSn channel, the precureor 
'"Tl, which may be produced by a 6n channel, is not likely to 
be produced in the present experiment on account of its higher 
threshold (^ 100 MeV). In the case of p3n and p4n channels, 
the contribution of precursor decay could not be determined 
because of either the incomplete decay or the unknown decay 
characteristics of the precursor. For example, in the case of 
the p4n channel, the cross sections for the independent decay 
of preCUISOr formed by the 5n channel determined from its 
Chmcteristic y rays are found to be higher than the cross 
sections for residue "^Hg populated by the p4n channel. This 
may happen, if the precursor does not feed the residue '^Hg 
fonned by the pAn channel. As such, the decay scheme of 
"'Hgand '"Hg needs further investigation. The cross-section 
values quoted in Tables II i^d III for these reactions also 
contain precursor contribution, if any, in the case of p3n and 
pAn channels.. 
In Fig. 2(b), the sum of cross sections for all measured pxn 
channels, denoted by S a p „ , has been obtained by adding 
the measured cross sections for pZn, pAn, and p5n channels. 
To detennine the total measured fusion cross section SOCF 
(expt), the sum of cross sections due to xn channels, i.e., 
So-xa, and the sum of cross sections due to all measured 
pxn channels, i.e., 'Zapx„, have been added. The total Sacp 
(expt) shown in Fig. 2(c) has been compared with Sacp (Th) 
obtained using the code PACE4 (42] vnith different values of 
level density parameters a{a = A /K) . This code is based on 
statistical Hausher Fashback formalism followed by Monte 
Carlo simulations to detennine the decay sequence of an 
excited compound nucleus. The code calculates the cross 
sections for a particular reaction using Bass formulation [43]. 
A detailed discussion of this code is given in one of our recent 
works [20]. However, for the sake of completeness, it must 
be pointed out that nuclear level density plays a central role 
in any statistical analysis of nuclear reactions. In this code 
the most sensitive parameter is the level density parameter 
(LDP) a (a = A/K), which mainly governs the equilibrium 
state. Here, A is the atomic mass number of the compound 
nucleus and K is a free parameter. The value of K may 
be varied to match the experimental data. As can be seen 
from Fig. 2(c), the ECTCK (expt) is in good agreement with 
theoretical LacF values. The faa that the measured fusion 
cross section ECTCP (expt) could be reproduced satisfactorily 
by PACE4 predictions su^nglheas (he confidence in the choice 
of input parameters. Also, a value of LDP (o = A/8 MeV~') 
has also been suggested by Cavinato et al. [1] for nuclei far 
from the magic region. Further, the literature values [I] for 
fusion cross sections are found to agree well with the present 
measurements and are shown in Fig. 2(c). 
10" 
10' 
-PACE4;K-10: 
PACE4;K-9 
PACE4;K-8 
^ I . . . . I . . . . I . . . . I . . . . 
, O ; L _ 
89 90 95 
Energy (MeV) 
FlO. 3. (Color online) (a) Measured EFs for axn (jr = 1,2, and 
3) channels, (b) sum of the axn channels, measured u well •> 
calculated using PACE4 for AT - 8.9,10 (dotted, dashed, and lolid 
lints, respectively), and (c) sum of mcr (all oxn) channels. In panels 
(a), (b), and (c), the spline-like lines joining the experimental data 
points are just to guide the eyes. The inset shows cross sectiom fbr 
the sum of both OF and ICF channels and for CF chanrRls sepaiately. 
Tht increasing difference, between the two curves in the inset, with 
energy indicates the dominance of ICF processes with energy. 
C. ("O, nxn) cliannels 
In Fig. 3(a), the measured cross sections for the population 
of " ' - 'Au (J: = 1,2, and 3) isotopes via axn channels are 
shown. Note that in the case of axn channels, the residue 
may be formed in two ways: (i) by CF of " 0 followed by 
the formation of an excited CN ftom which evaporation of 
neutrons and a particles takes place, or (ii) the '^0 ion breaks 
into Of -H " C and '*C fuses with the target leaving an a particle 
as a spectator. In this case the excited nucleus formed by the 
fusion of '^C may emit neutrons while de-exciting. Option 
(i) refers to CF and option (ii) to ICF. These modes may be 
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represented by the following equations. 
"0("C + a) ==>• '^ C + "'Ta ==> '"AU* + a. 
{a as spectator) 
The residue "^Au* may be populated via CF and/or ICF 
channels as 
()) complete fusion of "O, i.e., 
" 0 + '"1^ = * "'Tl' =>• '«Au»' + a + n, 
(ii) incomplete fusion of "O, i.e., 
"(X'^C + a) + "'Ta ==>'"Au* + a, 
(spectator) 
' " A u * = » " = A u " + n . 
The residue "'Au' may be populated via CF and/or ICF 
channels as 
(i) complete fusion of "O, i.e., 
"O + '»'Ta = > ""Tl' = > '»'Au'* + a + 2/1, 
(ii) incomplete fusion of " 0 , i.e., 
'*0("C + a) + ""Ta '=> I'^Au' + a. 
(spectator) 
• ' M A U ' = > '"AU»* + 2« . 
Similarly, the residue ""AU* may be populated via CF 
and/or ICF channels as 
(i) complete fusion of "O, i.e., 
"O + '"Ta = * '"Tl* ==> ""Au*' + a + 3n, 
(ii) incomplete fusion of " 0 , i.e., 
"0(''C + o) + '"Ta = * ' " A U * + a, 
(spectator) 
'"Au'=»"<'Au"+3n. 
The residue "*Au' may also be populated via the decay 
of "^Hg via •^'•/EC decay. Both, "^Au* (Ti/j = 4.94 h) and 
"^Hg (JM2 = 4.85 h) have nearly the same half-lives. In this 
case, it has been possible to separate out the contribution 
fi-om the decay of '"Hg populated via the p4n channel using 
decay analysis. It is known from the successive radioactive 
decay, if the daughter nucleus half-life (T^) and the parent 
nucleus half-life (JB) arc nearly equal, as in the present case, 
such that T^ = TB{.\ +«). where S <K 1, then the activity 
ratio increases approximately linearly with time, so long 
as t « 2TS/« [44], where rg is the mean lifetime of the 
parent nucleus. To obtain the cross section of "^Au», a curve 
between the lapse time and its production cross section was 
plotted at different times and also at different energies. To 
obtain the independent cross sections at each energy, plots for 
different lapse times were extrapolated at f = 0 time using a 
least-square linear fitting method. The cross section at time 
/ = 0 is the independent cross section for the production of 
'"Au*. In Fig. 3(a), the cross sections deduced as mentioned 
above for the independent production of "^Au* have been 
plotted. Here [Fig. 3(a)] the sum of cross sections for all 
measured axn channels, i.e., Scr,„(expt), is also shown 
and is found to increase with energy. It has already been 
mentioned that all the a-emission channels identified in the 
present work are expected to have significant connihutions 
from ICF processes. To determine the contribution from ICF 
processes to the axn channels, the measured rcr,„(expt) 
has been compared with the corresponding values calculated 
using the dieoietical model code PACE4, which is based on 
statistical CN theory. Because the code does ;iot take ICF 
into consideration, the calculated cross sections for So-.^' 
with code PACE4 have predictions based on the CF model 
only. In Fig. 3(b) a comparison of X;«rajn(e''pt) has been made 
with E<r„,„(Th) calculated theoretically using the CF model 
for three different values of physically acceptable [45] level 
density parameters (AT = 8,9,andlO).AscanbeseenfTomthis 
figure, the £a„ii(Tti), with any of the reasonable parameters 
could not reproduce i:<Te„(expt) above 85 MeV. The measured 
Sa„,(expt) agree very well with roe„(Th) at 80MeV. 
However, above this data point all the measured cross sections 
are found to be much higher as compared to those of theoretical 
predictions based on the PACE4 model. The difference between 
the experimental and the theoretical values of I!(T„n may 
be assigned to ICF and has been denoted by £aicF(expt). 
Further, the difference between X;ffo.tii(expt) and Eff„„(Th) 
is found to increase with energy above 80MeV, indicating the 
dominance of \CP processes at relatively higher energies, with 
maximum ICF contribution at the highest studied energy i.e., 
100 MeV. Further, in Fig. 3(c) Sfficp obtained by subtracting 
r(TiCF(Th) (AT = 10) from measured Eor„/t is been plotted as 
a function of energy. As can be seen (torn this figure, ICF 
production increases very rapidly with energy. In the inset of 
Fig. 3(c) EotF (total sum of cross sections for all measured 
channels) and ECTCF are compared. As can be seen from Fig. 
3(c) (inset), with the increase in energy the difference between 
axF and Scrcp continues to increase, indicating the dominance 
of ICF at relatively higher energies. In a complementary 
experiment [46], recoil ranges for the same residues have 
been determined to get information about the degree of linear 
momentum transfer and the relative contribution of CF and ICF 
channels. The relative contribution of CF and ICF channels 
obtained from the complementary experiment agree with the 
present data within the experimental uncertainties. 
At energies above the CB, where E » Vo> the classical 
formula of Weisskopf [47] for capture of charge particle by a 
nucleus is given by 
acf(E) = Tirl(\ - Vo/£). 
where, Vo is the value of CB and £ is the eneigy in center of 
mass system. As such, if (TCF (Exp) is plotted against l/Etm.. 
it should be a linear curve. The deduced ETCF values from 
E<r„ ••• E(;p„ -f E<r„„(Th) have been plotted as a function 
of l/£c.m. in Fig. 4. A fit to the SCTCF d t^* points indicates 
a linear curve that cuts the x axis at the beam energy equal 
to CB. It may, however, be pointed out that a departure from 
linearity above CB may indicate the approach to and beginning 
of a quantal regime giving rise to subbanier fusion. Further, 
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1000 
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FIG. 4. (Coloronline) Experimentally measured production cross 
sections found to reproduce the Coulomb barrier of the system. 
to study the dependence of ICF contribution on energy, for 
die preaSently studied system, the percentage fraction of ICF 
fusion cross section (FICF) has been plotted in Fig. 5 as a 
function of beam energy normalized to CB, along with several 
other literature values [5,16,19,^0]. As can be seen fhsm this 
figure, F|CF increases with the increase in normalized beam 
energy for all thj systems. To study the dependence of ficp 
on mass asymmetry, tfie percent FICF has also been plotted in 
Fig. 6 as a function of mass asymmetry at a constant value 
(Eham/Vt = 1.38) of normalized beam energy. As can be 
seen from diis figure, the Ffcp for the presently studied system 
is not following the expected trend shown for other systems 
involving " 0 beam. The present /^CF for "O + '"Ta is found 
to be significantly small. It nuy be because of the fact that in 
the present measurements several other o-emission channels, 
e.g., 2axn and 3axn channels, could not be observed as the 
FIG. 3. (Color online) Deduced percentage ICP fraction (FICF) 
as a function of normalized projectile energy for the "O + '"Ta 
system along with literature valuei. The spline-like lines joining the 
experimental data points are just to guide the eyes. 
35 : - • - "0*'"Ta;(Prw«it work)) 
: -*-"o+'"Tm(R»f.8) ^ 
30 ^T-"e>*'"Tb(Rtf.S) J 
;-»-"c*"*T«<R«f.1«l •: ; 
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"• IS 
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FIG. 6. (Color online) The percentage ICF fraction as a fdnction 
of mass asyrometiy at a constant normalized projectile enei;gy. The 
arrow indicates that the present value of FKT for "O + '"Ti is 
expected to go up, if all other remaining cr-emission channels are 
also measured. 
residues populated via Aese channels were either stable or 
short lived and/or had very low y-ray intensity. We propose to 
measure the contribution of these a-emission channels in an 
in-beam experiment using particle-y coincidence technique, 
so that the present data may be supplemented. 
IV. CONCLUSIONS 
In the ptesent work, EFs for the production of 14 radionu-
cUdes. "m*(3n) . '»m"(3n). ' W T I « ( 4 « ) , ""Tr(4«), ' » ^ ' 
(5n), '«Tl"(5fl). '»Hg»(p3/i). '»Hg"(p3n), '«Hg(p4n), 
'"Hg«(p5»i). '"Hg"(p5n). '«Au«(o(n). "»Au'(a2n), and 
"''Au'(a3n), were measured. The experimental data were 
compared with the predictions of the theoretical code PACE4 
based on a statistical model. The CF cross sections were found 
agree with PACE4 calculations over the entire energy range. A 
significant enhancement in the cross sections was observed, 
for Q-emitting channels, as compared to the theoreticBl PACE4 
model predictions. The observed enhancement was attributed 
to the ptompt break up of the projectile into a clusters, with 
'*0 into "0-1- *He leading to the ICF process. As such, it 
may be concluded that apart fiom CF, ICF is also a process' 
of greater importance even at these low energies and, hence, 
when predicting the total reaction cross sections, the ICF 
contribution should also be taken into consideration. Further, 
as expected £aicF was found to increase with energy. 
ACKNOWLEDGMENTS 
The authors are diankfiil to Professor Amit Roy, Director, 
Inter-University Accelerator Centre (lUAC), New Delhi, India, 
for extending all the necessary facilities for performing the 
experiments and for extending hospitality. We are also thankful 
to Dr. R. K. Bhaumik for scientific discussions and support 
during the experiments. The authors also thank the Chairman, 
014601-7 
DEVENDRA P SINGH et aL PHYSICAL REVIEW C 80, 014601 a009) 
Department of Physics, Aligarh Muslim University, Aligarh, 
for providing all the necessary facilities One of the authors 
(DPS) thanks the UGC-DAE, Consoruum for ScienUfic Re-
search Caicuna Centre, India, for providing financial support 
under Project CRS-076/AMU/P/RP/7409, MKS thanks the 
DST, and RP thanks the DST and UOC 
[I] M CaviMlo, E Fabnci, E Gadioli. E Gadioli Ertia. P VeiBam. 
M Cnppa G Colombo, I Redaelli, and M Ripamonti Phys 
Rev C 52,2377 (1995) 
12) P Vergani, E Oadioh, E Vaciago, E Fabnci, E Gadioli Erba, 
M Oalmanni, O Ciavola, and C Marchena, Phys Rev C 48, 
1815(1993) 
13] F Schussler. H Nifenecker, B Jakobsson, V Kopljar, 
K Soderatrom. S Leray, C Ngo, S Souza, J P Bondrof, and 
K Sneppen,Nucl Phys A584,704 (1995) 
[4] E Gadioli, C Brattan, M Cavinato, E Fabnci, E Gadioli Erba, 
V AUon,A Di Fillippo,S Vailati,T G Stevens, S H ConneU, 
J P F Sellschop, F M Nortier, G F Stfyn, and C Marchetta, 
Nucl Phyi A<41 271(1998) 
(51 P P Singh, B P Singh, M fC Sharma, Unnati D P Singh, 
R Prasad, R Kumar, and K S Golda, Phys Rev C 77,014607 
(2008) 
(6] P P Singh, M K Sharma Unnati D P Singh, R Kumar, K S 
Golda, B PSmgh,andR Prasad, Eur Phys J A 34,29 (2007) 
(7]R H Siemsen«o/,Nucl Phys A400j245c(1983) 
[8] D J Paricer, J Asher, T W Conlon, and I Naqib, Phys Rev C 
30,143(1984), 
[91 Oi Ngo Prog Part Nucl Phys 16,139(1985) 
[10] D R Zolnowski H Yamada S E Cala, A C Kahler, and 
T T Sugihara, Phys Rev Utt 41,92(1978) 
[11] A Yoshidaera(,Phy5 UlL B44,1528(1991) 
II2JC Signonmrta/.Nucl Phys A73S,329(2004) 
[13] M Blann,Nucl Phys A235,211 (1974) 
[14] M Blann, Annu Rev Nucl Sci 25, 123(1975) 
(15] F Amonni, M Cabibbo, G Cardelaa, A Di Pietro, 
A Musumarra, M Papa, G Pappalardo, F Riizo, and 
S TudisccPhys Rev C 58,987 (1998) 
[161 Manoj Kumar Sharma, B P Singh, Sumta Gupta, M M 
Muihafa, H D Bhardwaj and R Prasad J Phys Sec Jpn 
72 1917(2003) 
[17] M K Sharma, Unnati, B K Sharma, B P Singh H D 
Bhardwaj, R Kumar, K S Golda and R Prasad Phys Rev 
C70,044606(2004) 
[18] M K Sharma, Unnati, B P Singh, R Kumar. K S Golda, 
H D Bhardwaj, and R Prasad, Nucl Phys A77«, 83 (2006) 
119) S Gupta, B P Singh, M M Musthafa, H D Bhardwaj, and 
R Prasad, Phys Rev C 61,064613 (2000) 
[20] Unnati, P P Singh, D P Singh. M K Sharma, A Yadav, 
R Kumar B P Singh and R Prasad Nucl Phys A811, 77 
(2008) 
[21] P P Singh. B P Singh M K Sharma, Unnati, R Kumar, 
K S Golda, D Singh, R P Singh, S Muralithar, M A Ansan, 
R Prasad, and R K Bhowmik,Phys Rev C 78,017602 (2008) 
[22) I Tsemiya, V Sterner, Z Fraenkel. and P Jacobs, Phys Rev 
Lett 60 14 (1988) 
[23] S M Mullins, A P Byrne, G D Dracoulis, T R 
McGoram. and W A Scale. Phyi Rev C 58. 831 
(1998) 
[24] S M Mullins, O D Dracoulis, A P Byrne. T R McGotam, 
S Bayer, R A Bark, R T Newman, W ' A SdUe, and P 9 
Kondev, Phys Rev C 61,044315 (2000) 
[25] G J Lane,G D Dracoulis, A P Byrne, A R Poletb,andT R 
McGoram. Phys Rev C 60,067301 (1999) 
[26] T Udagawa and T Tamurt, Phys Rev Lett 45, 1311 
(1980) 
[27] J Witeynski»»at Phys Rev Lett 45,606(1980) 
[28] J P Bondrof«a/, Nucl Phy. A333,285 (1980) 
[29] M Blann. Phys Rev Utt 27 337(1971) 
[30] R Werner era/, Nucl Phys A28«, 282 (1977) 
[31] V I Zagrebaev, Ann Phys (NY) 197,33 (1990) 
[32] B G Harvey, Nuci Phys A*M, 498 (1985) 
[33] M H Simbel and A Y Abdul Magd, Z. Phys A 294, 277 
(1980) 
[34] A Y Abdul Magd, Z. Phys A 298.143 (1980) 
[35] H Motgenstem, W Bohne, W Galster. D G Kovar, and H 
Lehr.Phys Utt 8113,463(1982) 
[36] H Motgenstem, W Bohne. W Galster. and K Grabisch, Z. 
Phys A 324,443 (1986) 
[37] P E Hodgson, E Gadioh, and E Gadioh Erba, Introductory 
Nuclear Physics (Oxford Univcisity Press, Undon, 1997), 
Chap 18 
[38] FREEDOM, data acquisiuon and analysis system designed (o 
support the accelerator based expenments at the Nuclear Science 
Centre, New Delhi, India 
[39] S F Mughabghab, M Divadeenam, and N E Holden, Neutroii 
Cross-Seclions (Academic Press, New York, 1981), Vol I. Part 
A p 89 
[40] E Browne and R B Firestone. TaW* of Rodwocnve/jowpej 
(Wiley, New York, 1986) 
[41] U Reus and W Westmeirer, At Data Nucl Data Tables 29,338 
(1983) 
[42] A Gavron,Phys Rev C 21,230 (1980) 
[431 R Bass, Nucl Phys A231,45(1974) 
[44] R D Evans, Ue Atomic Nucleus (McGraw-Hill, New York. 
1982), p 481 
[45] M Blann, 0 Reffo, and F Fabbn, Nucl Instnun Methods A 
265 490(1988) 
[46] Devendra P Singh « at., Pb D thesis, Aligarh Muslun Univer-
sity, Aligarh 202002, India (to be submitted, 2009) 
[47] V Weisskopf. Phys Rev 52.295 (1937) 
014601-8 
Available online at www.sciencedirect.com 
' • • ' ScienceDirect 
ELSEVIER Nuclear Physics A 811 (2008) 77-92 
N U C L E A R 
P H Y S I C S 
www.elsevier.com/locate/nuclphysa 
Observation of large incomplete fusion in ^^ O + ^^ -^ Rh 
system at ~ 3-5 MeV/nucleon 
Unnati Gupta ^ , Pushpendra P. Singh % Devendra P. Singh % 
Manoj Kumar Sharma", Abhishek Yadav ,^ Rakesh Kumar'', 
B.R Singh"*, R. Prasad" 
^ Accelerator Laboratory, Department of Physics, A.M. University. Aligarh-202002. India 
^ NP-Group, Inter-University Accelerator Center, PO Box No. 10502, Aruna AsafAli Marg, New Delhi-110067. India 
Received 26 April 2008; received in revised form 4 July 2008; accepted 7 July 2008 
Available online 24 July 2008 
Abstract 
Incomplete fusion of '^0(Rs 3-5 MeV/nucleon) with "'^Rh has been investigated using measurement 
and analysis of excitation functions. Some pj:n/apA:n-channels are found to have contribution from pre-
cursor decay, which has been separated out from cumulative cross-section of evaporation residues. The 
;cn/p;cn-channels are found to be satisfactorily reproduced with the predictions of PACE4 after subtraction 
of pre-cursor decay contribution, in general. Sizable enhancement in the experimental cross-sections has 
been observed for a-emitting channels over the theoretical once, which may be attributed to the incomplete 
fusion. The percentage fraction of incomplete fusion has also been deduced, which seems to be sensitive 
for projectile energy, entrance channel mass-asymmetry and/or projectile structure. The present work deals 
with the competition of incomplete fusion with complete fusion even at «= 3-5 MeV/nucleon for '^O -t-
'O^Rh system. 
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1. Introduction 
In recent years, the study of reaction dynamics in heavy ion (HI) interactions has acquired 
central place in nuclear physics research [1-7]. The Hl-induced reactions are widely different 
from light ion induced reactions due to large fusion barrier (Bfus) and availability of different 
£-bins. In favorable conditions (only if the projectile energy is comparable to the Bfus), associ-
ated input angular momentum (t) is supposed to be large enough to produce nuclei in extreme 
conditions (high excitation energy and spin). Since, the de-Broglie wavelength in Hl-induced 
reactions is of the order of nuclear dimensions, therefore, the interaction may be explained by 
adopting semi-classical approach [8]. Classically, the interaction trajectories depending on differ-
ent ^-bins and/or impact parameters lying within the target dimensions may lead prominently to 
reaction processes like (i) complete fusion (CF), and (ii) incomplete fusion (ICF). In case of CF, 
with the collision trajectories 0 ^ € < £criu the interacting partners may be trapped in the pocket 
of entrance channel potential involving all nucleonic degrees of freedom [9-11]. Consequently, 
the entire kinetic energy and linear momentum of the projectile are ultimately equally shared 
among all the constituents of the composite system leading to the fully equilibrated compound 
nucleus (CN). However, at relatively higher values of impact parameters for the collision trajecto-
ries (input angular momentum range) with I > £„,[, the pocket in the entrance channel potential 
vanishes [12-14]. Therefore, the nuclear held of target nucleus is no longer strong enough to 
trap all the nucleons, consequently, the fractional momentum transfer takes place leading to the 
ICF process. As a result of ICF of projectile, (i) the CN is formed with less mass and charge as 
compared to the total mass and charge of interacting partners; (ii) the recoil velocity of the reac-
tion products should be less than the complete fusion population and (iii) the angular distribution 
of ejectiles is expected to show maxima at forward angles. In case of ICF processes, the mass 
transfer occurs mostly from lighter to heavier partner, the feature observed more prominently for 
mass a.symmetric systems as compared to mass symmetric systems [15-18], 
With a view to explain various ICF processes, several dynamical models like; Break-Up Fu-
sion (BUF) model [19], SUMRULE model [20], Promptly Emitted Particles (PEPs) model [21], 
EXCITON model [22], etc., have been proposed. In SUMRULE model, Wilczyriski et al. [20] 
suggested that ICF is mainly confined to the ^-space above (^ crit) for CF, and originate from pe-
ripheral interactions or non-central collisions. The non-central nature of ICF dynamics has also 
been emphasized by Trautmann et al, [14], and Inamura et al. [23,24]. The BUF-model [19] of 
Udagawa and Tamura is based on the Distorted Wave Bom Approximation (DWBA), in which 
the projectile is assumed to break-up into constituent alpha-dusters (e.g., "^ O may break-up into 
'^ C -I- a and/or ^Be -f ^Be) within (he nuclear field range of target nucleus. One of the fragments 
may get fused with target nucleus (depending on the available £-value) [19], while the remnant 
behaves like a spectator dominantly ejected in the forward cone. According to PEP model [21], 
the nucleons transferred from projectile to the target nucleus may get accelerated in the nuclear 
field of target nucleus and consequently acquire extra velocity to escape before equilibration. 
The EXCITON model assumes that the projectile nucleons undergo a series of collisions with 
the target nucleus creating particle-hole excitations, which de-excite by emitting fast nuclear 
particles [22]. Apart from these, Overiap model [25-27] and Multistep Direct Reaction theory 
[28] have also been proposed, and Morgenstern et al. [17,29], correlated the probability of ICF 
reactions to the entrance channel mass asymmetry. It may, further, be pointed out that the afore-
mentioned models/theories, generally, have been used to fit the experimental data obtained at 
energies E/A > 10.5 MeV or so, but no satisfactory comparison has been made at relatively 
low bombarding energies (i.e., 5-7 MeV/nucleon). As such, due to the unavailability of any re-
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liable theoretical model to fit the experimental data obtained at energies ~ 5-7 MeV/nucleon, 
the study of ICF is still an active area of investigations. Furthermore, there is a renewed interest 
in the study of ICF dynamics after observation of these reactions at relatively low bombarding 
energies [30-33]. Moreover, the ICF reactions are considered to be a promising route to produce 
high spin states even at low bombarding energies [34,35]. Furthermore, some important issues 
associated with ICF dynamics at energies < 7 MeV/nucleon are (i) the onset of ICF at energies 
slightly above the Bfus, and (ii) the relative contributions of CF and ICF processes, which have 
not yet been fully explored or limited up to a few projectile-target combinations only. Therefore, 
in order to have better understanding of ICF processes, a comprehensive study of excitation func-
tions (EFs), forward recoil range distributions (RRDs) and angular distributions (ADs) of recoils 
in HI induced reactions have been undertaken by our group [30,36-38]. In the present work, 
the measurement of EFs for several radio-active isotopes produced in '^O + "^ ^Rh system have 
been performed in the energy range « 50-85 MeV. Similar measurements for the same system 
have also been performed by Z. Buthelezi et al. [39], at energies ^ 40-400 MeV. However, in the 
present work, precursor decay contributions (if any) in the production of several reaction products 
have also been estimated from cumulative cross-sections of residues, which has not been con-
sidered in Ref. [39]. As such, the present work may serve as the complement and/or as, at some 
places, supplement to the above measurements at energies « 50-85 MeV. The present paper is 
organized as follows: the experimental details and methodology are given in Section 2. However, 
the production cross-section measurement and estimation of independent cross-section from cu-
mulative cross-section are described in Section 3. The analysis of experimentally measured EFs 
with the predictions of statistical model code PACE4 are given in Section 4. The influence of ICF 
on CF and its dependence on projectile energy and mass-asymmetry of interacting partners are 
presented in Section 4.1, while. Section 5 deals with the summary and conclusions of the present 
work. 
2. Experimental details and methodology 
Experiments have been performed at the Inter-University Accelerator Centre (lUAC), New 
Delhi, India. The targets of '"^Rh of thickness » 2.0 mg/cm^ were prepared from the spectro-
scopically pure foils of natural Rhodium ('"^Rh) employing rolling technique. The thickness of 
each target was determined by a-transmission method. The targets were fixed on Al-holders of 
1.2 X 1.2 cm^ size and concentric hole of ~ 10 mm diameter. In order to cover a wide energy 
region in a single irradiation, energy degradation technique has been used. Two stacks, each con-
taining three '^^Rh-target foils were irradiated by '^0^+ beam at energies «= 80 and 85 MeV, 
separately. Typical stacked foil arrangement used for EF measurements is shown in Fig. 1. The 
successive targets in the stack are backed by Al-catchers of appropriate thicknesses, so that the 
recoiling nuclei may be trapped in the catcher foil thickness itself. The incident energy on each 
target-catcher foil assembly in a stack has been estimated using code SRIM, based on stopping 
power formulation. The errors in the incident energies on each foil have been calculated as the 
energy loss at half thickness of the target/catcher foils. The first foil of the first stack at highest 
beam energy (i.e. ^ 85 MeV) has an energy uncertainty of ±2.06 MeV, however, the last foil 
of the second stack has the uncertainty of ±2.77 MeV, calculated as discussed above. Irradia-
tions have been carried out in the General Purpose Scattering Chamber (GPSC), with a beam 
current ^ 10 pnA. Keeping in view, the half-lives of interest irradiations have been carried out 
for ~ 8 hours. After the irradiation, the target-catcher foil assembly has been taken out from 
the scattering chamber with the help of invacuum transfer system. The activities produced in the 
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Fig. I. Typical experimenal setup for EF measurement using energy degradation technique. 
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Fig. 2. Typical y-ray spectrum of '^O + '"•'Rh at «= 85 MeV, pealcs are assigned to the different reaction products 
expected to be populated via complete and/or incomplete fusion. 
samples were recorded by a pre-calibrated HPGe detector of 100 c.c. active volume coupled to a 
CAMAC based software FREEDOM.' The detector used in this experiment was pre-calibrated 
for energy and efficiency using various standard )/-sources, viz., ^Co, '^ ^Ba and '^ ^Eu at dif-
ferent source-detector separations. The target-detector separation was suitably adjusted so as to 
keep the dead time < 10%. In order to detect and follow the longer lived residues, the counting of 
irradiated samples has been done for a week or so. A relevant portion of a typical y-ray spectra 
of the '^0 + '°^Rh system at « 82.94 ± 2.06 MeV is shown in Fig. 2. The residues were iden-
tified by their characteristic y-rays as well as by decay curve analysis. A list of residues, y-ray 
energies, abundances, etc., used in the present work are tabulated in Table 1. The spectroscopic 
data has been taken from the 'Table of Radioactive Isotopes" by Browne and Firestone [40]. 
' FREEDOM, Data acquisition and analysis system designed to support the accelerator based experiments at the Nu-
clear Science Centre, New Delhi, India (2000). 
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Table 1 
Spectroscopic properties of identified residues 
Channel Residue Half-life J" Ey (keV) /(%) 
(pn) i n « x e 62 m (1/2)+ 719.7 
1090.7 
64.7 
6.9 
(p2n) ll6Te 2.49 h 0+ 628.7 1.0 
(p3n) "15«Te 5.8 m (7/2)+ 1326.8 
1380.5 
22.7 
23.0 
(p3n) I'S^Te 6.7 m (1/2)+ 770.3 34.2 
(p4n) "*Te 15.2 m 0+ 244.6 
726.5 
33 
43 
(2p) ll^Sb 2.8 h (5/2)+ 158.6 85.9 
{2p2n) l l5sb 32.1m (5/2)+ 497.4 
489.1 
98 
1.3 
(2a) ' " s i n 2.8 d (9/2)+ 171.3 
245.4 
90.2 
94.0 
(2an) "Osin 4.9 h 7+ 641.6 
884.6 
937.4 
25.9 
92.9 
68.4 
{2ffn) llOmj„ 1.152h 2+ 657.7 
1235.6 
98.0 
0.26 
(2«2n) 109«,„ 4.2 h (9/2)+ 203.2 
623.6 
73.5 
6.0 
(2a3n) 108s,n 58 m 7+ 242.7 38.0 
(2a3n) 108m J J, 39.6 m 2+ 311.9 
968.0 
1.01 
4.38 
(3an) 106m^g 8.28 d 6+ 451.0 
717.4 
27.6 
29.0 
(3a3n) 104s Ag 69.2 m 5+ 767.8 
555.8 
65.9 
92.8 
(3ff4n) 1038 Ag 65.7 m (7/2)+ 146.0 28.3 
3. Measurement of production cross-sections 
The projectile energy dependent reaction cross-sections ar{E), for different radio-nuclides 
have been determined using the following expression [48]: 
C,=o  
where 
C,=o = The count rate just after the irradiation, i.e., at zero time. 
No = Initial number of nuclei in the target sample, 
0 = Branching ratio of the characteristic y-rays assigned to different reaction products, 
0 = The incident beam flux, 
GE — Geometry dependent efficiency of the HPGe detector, 
^ = [1 - exp{-fid)]/t/,d = The self absorption correction factor for the y-rays in the ma-
terial of the sample of thickness d(gm/cm^) and the absorption coefficient ^(cm^/gm), 
A. = Decay constant of the radio-nuclides, and 
t\ — Time of irradiation. 
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Further, the errors in the measured production cross-sections of different radio-nuclides may 
arise due to various factors like: (i) Non-uniform thickness of the samples, i.e., the inaccurate 
estimate of foil thickness may lead to the uncertainty in the determination of the number of 
target nuclei in the sample. However, in order to check the uniformity of the sample, thickness 
of each sample was measured at different positions by a-transmission method. The error in the 
thickness of the sample is estimated to be % 1%. (ii) Fluctuations in the beam current may result 
in the variation of incident flux, as such proper care has been taken to maintain the beam current 
constant so that the error due to beam current fluctuations may be minimized, (iii) Uncertainty 
in the determination of geometry dependent spectrometer efficiency. The error in the efficiency 
determination due to the statistical fluctuations in counts is estimated to be less than 2%. (iv) The 
loss of product nuclei recoiling out of the target may introduce large errors in the measured 
cross-sections. The thickness of the catcher foils used in the present work were sufficient to stop 
even the most energetic residues. However, in the present measurements both the sample and the 
catcher foils were counted together and hence, the losses due to the recoiling of nuclei is avoided, 
(v) Dead time of the spectrometer was kept less than 10% by suitably adjusting sample-detector 
distance. The overall errors including statistical errors are estimated to be < 15%, excluding the 
uncertainty in branching ratio, decay constant, etc., which have been taken from the "Table of 
Radioactive Isotopes" [40]. 
5.7. Estimation of independent cross-section from cumulative cross-sections 
In the present work, the EFs for several radio-nuclides "^*Te(pn),' '^Te(p2n),' '^^•'"Te(p3n), 
"''Te(p4n), "^Sb(2p), "6s"'Sb(2pn), i'5Sb(2p2n), "0Sn(ap4n), "'«In(2a), "''»''"In(2an), 
"^«In(2a2n), '°*i'''"In(2a3n), '^^^AgCaan), 'O^^ AgCSaSn) and '°^'?Ag(3a4n) expected to be 
populated via CF and/or ICF have been measured. Some of the pj:n/apA:n-channels are found 
to have contribution from higher charge isobar pre-cursor through ^"'"-emission and/or electron 
capture (EC), where the cumulative cross-sections have been measured. For such cases, if the 
half-life of the pre-cursor is considerably smaller than that of the daughter residue, the inde-
pendent production cross-sections (aind) have been estimated from the cumulative production 
cross-sections (cTcum)- The cTcum of a given residue is the sum of ffjnd and the cross-section for the 
independent production of its pre-cursor cfpre multiplied by a numerical coefficient Fp, i.e., 
The value of Fp depends on the branching ratio Pp for pre-cursor decay to the residue and is 
given by 
y,l/2 
' ind 'pre 
here Tpre and Tind are the half-lives of the pre-cursor and the residue. In this way the cumulative 
cross-section is given by 
T. 1/2 ind 
CTcum — oind T '^P i /2 1/2 P"^ (4) 
' ind ~ ' p re 
As a representative case, the evaporation residue "^^Te (Fig. 3(a)) is likely to be populated 
via CF of '*0 with the "^ ^Rh nucleus forming the composite system ' '^I* followed by the evap-
U. Gupta et al. /Nuclear Physics A 811 (2008) 77-92 83 
10 
Ul 
O 10' 
TBI F^hr^ipr^r'^V; [a]'j 
- ^ — ! • 
: 103, 
10' 
10' 
•• ; • <ii.' [b] 
I M. o (cum) 
i • <T (Ind) 
i -k EPJA 28,193-203 (2006) 
J K = 9 
• K = 10 
-Ks8 
, . , f ^ 1 • 1 1 . • . I • • . • I • • . • I • . . • I . . . . I . . . . 1 . ^ ~-11 .... I .... I .... 1 ... I .|Q" 
45 50 55 60 65 70 75 80 45 50 55 60 65 70 75 80 85 90 
10" 
E 10 
10% 
:"='Rh(^'0,p3n)"'Te« * [c] : 
: ^Mfe|^ p*-; _^a_ 
' / * '"Te (g+iti) H-»-i 
; / # ""Tetcum) 1 
trrry "^  -^ ""Teflnd) • ' "Te (cum) 
• '"Te (Ind) 
\ %iv * EPJA28,193-203 (2006) : 
9 K=.8 
i K = 9 
' • • ' • • 
K-10 
• 1 . . . . 
10'r 
i 10' 
10^  
10' 
•'"W^aizpr^^Sb "•• [d]' 
I I l u l l Ill 
^°S0 55' 60 65 TO 75 80 85 90'"'45 50 55 60 65 70 75 80 85 90 
10-
2^10-
Ul 
to 10' 
10 
;"Rh'( '*0, '2p2n)'* 'Sb"'" ' [e]', 
1 g 1 
gU. . 
""• A a (cum) 
' y ^ • 0 (ind) 
/" K - 1 0 / '/ K = 9 
10^ 
a:  - 10' 
10" 
^"Rh(^«0,p4n)"''Te 
I 1 . • ^ 1 . • . • I . . . . I , 
50 55 60 65 70 75 80 85 90 60 65 70 75 80 85 90 
Energy (MeV) Energy (MeV) 
Fig. 3. Experimentally measured and theoretically calculated EFs for different residues populated via CF (jn/p.rn-
channels) in '*0 + '"-^ Rh system at R= 46-85 MeV. The lines represent the theoretical calculations done using code 
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figures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this paper.) 
oration of a proton and a neutron. The same residue "''«Te may also be populated by the /J+ 
emission and/or electron capture (EC) of higher charge pre-cursor isobar ' '''l. As such, the mea-
sured activity of residues "''^Te may have contribution from the decay of its pre-cursor isobar 
also. The values of branching ratios required for obtaining the coefficient Fp are taken from 
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Ref. [41]. Using the above formulation, the cumulative yield (tTcum) and independent yield (ffind) 
for ' '^ *Te are related by the equation 
^cum("'«Te) =ai„d(ii^sTe) + ].03<7pre("^«l). (5) 
Here <7pre('^ *^I) is the independent yield of the pre-cursor. 
In the similar way, the independent production cross-sections for other residues have also 
been deduced from the acum and ap^e contributions. The independent production cross-sections 
have been compared with statistical model code PACE4 [43], and are found to agree reasonably 
well with the theoretical calculations. The optimization of input parameters has been done by 
achieving best fitting for CF products (xn/p;cn-channels), details of the code PACE4 (which is 
the modified version of PACE2) and data analysis are discussed in the following section. 
4, Analysis of EFs with PACE4 
The calculation of theoretical production cross-sections for the evaporation residues populated 
via CF channels have been obtained using code PACE4. The code PACE4 (which is a revised 
version of PACE2) is based on Hauser-Feshbach approach. It may be pointed out that the ICF 
and PE-emission are not taken into consideration in this code. The cross-sections for evaporation 
residues are calculated using Bass formula [42]. The de-excitation of the compound nucleus 
is followed by Monte Carlo procedure. The projections of angular momentum are calculated 
at each stage of de-excitation, which enables the determination of angular distribution of the 
emitted particles. The optical model parameters for neutrons, protons and a-particles cire used as 
default in the code [43]. The y-ray strength functions for £], £2 and M\ transition were taken 
from tables of Endt [44]. This code has been modified to take into account the excitation energy 
dependence of level density parameter using the prescription of Kataria et al. [45]. 
The partial cross-section (af) for the formation of CN at angular momentum i and specific 
bombarding energy E, is given by 
ae = —i2t + \m. (6) 
4:7T 
Here X is the reduced wavelength. The transmission coefficients Tj may be given by the expres-
sion 
- 1 
Tr- 1 -f exp 4 A (7) 
where A is the diffuseness parameter and £max the maximum value of £ detained by total fusion 
cross-section, 
00 
Of = 2~]o't. (8) 
«=o 
The transmission coefficients for the evaporation of light particles (n, p and a) during the 
de-excitation are obtained by optical model calculations [46,47]. The fission decay mode may be 
considered using a rotating liquid fission barrier routine [43], As a typical example, at 85 MeV 
incident beam energy the values of imax and A are « 63h and % 2h. The level density in this 
code is calculated using the expression a = A/K, where A is the atomic mass number and K 
is a parameter called level density parameter. In these calculations K is an important parameter 
and affects the equilibrium component. As such, in order to show the effect of variation of K on 
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The enhancement over the theoretical model predictions may be attributed to ICF processes. 
calculated EFs, different values of K (8,9 and 10) have been tested, and are shown in Figs. 3(a)-
(f) and 4(a)-(d). It may be pointed out that, it might be possible to predict all the EFs with 
different values of parameters of the code for individual channels. However, it is not reasonable 
from the physics point of view. Further, a value of ^ ^ 10 may give rise to the anomalous effect 
in the particle multiplicity. In the present work, a value of /T = 8 is found to give a satisfactory 
reproduction of experimental data for CF-channels within the experimental uncertainties. 
The metastable state of "'^Te could not be observed due to its very short half-life (w 103 ms). 
As can be seen from the Figs. 3(a)-(f), the experimentally measured EFs for radio-nuclides 
"^«Te(pn), "6Te(p2n), "5«.'«Te(p3n), i'5sb(2p2n), "•'Sb(2p) and "4Te(p4n) are satisfactorily 
reproduced by theoretical model predictions within the experimental uncertainties, and may be 
assumed to be populated via CF (as there is no alpha-particle in exit-channels). Further, in some 
cases (Fig. 3) experimental data is somewhat enhanced as compared to the theoretical model pre-
dictions. In such cases the same residues may be populated via two different modes of decay, viz.. 
(i) directly from the decay of CN (independent production), and (ii) through the /?+/EC decay of 
higher charge isobar pre-cursors. As such, the experimentally measured production cross-section 
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is expected to be the admixture of two different decay modes as mentioned above. The inde-
pendent cross-section (aind) has been separated out from cumulative cross-section (acum) using 
prescription of Cavinato et al. [31], discussed in Section 3.1 of this paper. As can be seen from 
the figures, there is a reasonable agreement between theoretical and experimental EFs after sub-
tracting the contribution coming from pre-cursor decay. However, in Fig. 3(b) the higher values 
of cross-sections in the tail portion of the EFs may be an indication of pre-equilibrium-emission 
at higher energies [49-52], which is not taken into account in these calculations. 
4.1. Interpretation of experimental results 
The fact that the measured EFs for almost all predominantly populated CF-channels could 
be reproduced by PACE4 predictions, gives confidence to the choice of input parameters of the-
oretical model code. Therefore, same set of input parameters has also been used to fit the EFs 
of all a-emitting channels. As can be observed from Figs. 4(a)-<d), the experimentally mea-
sured EFs are relatively higher as compared to the theoretical predictions. Since the theoretical 
model code PACE4 does not take ICF into account, therefore the enhancement in the experi-
mentally measured production cross-sections may be attributed to the contribution coming from 
ICF of '^O with target nucleus. As such, these residues are expected to be populated both via 
CF and/or ICF of projectile. The production of these residues is assumed to be originated from 
the successive decay of CN followed by entire projectile fusion in CF process, and/or via fu-
sion of '^C/^Be from '^0-projectile in ICF processes leading to "^Sb*/'"ln*, respectively. 
The final reaction products appear after emission of a few nucleons from ' Sb*/"'ln* (incom-
pletely fused composites). In this case it has been assumed that '^0 projectile breaks-up into its 
a-clusters, viz., '^C -I- a and/or ^Be -f *Be, a part of projectile fuses with "^ ^Rh, while remnant 
moves in forward cone with almost projectile velocity. As can be seen from Fig. 4(c), the theo-
retically calculated EFs for "'•'Rh('^0,2a2n)"'^^In reaction is almost matching/slightly higher 
than the experimental data for all values of K, revealing very less/negligible contribution from 
ICF. It may, however, be pointed out that recoil range distribution measurement for this chan-
nel may give some clue about its population via CF only. Further, experimentally measured EFs 
for Sttjcn-channels (J: = 1, 3,4) are shown in Fig. 5. The theoretical calculations give negligi-
ble cross-sections for these residues and hence are not shown in Fig. 5, meaning thereby, these 
residues are likely to be populated only via ICF. It may also be pointed out that no choice of 
physically reasonable parameters in theoretical calculations could reproduce the population of 
these residues. 
Moreover, the reaction "'•'Rh('*0, 3«n)"^'"Ag may be explained assuming that only ty-par-
ticle fuses with the target-nucleus leading to '"^Ag*, which emits a neutron leaving behind the 
residue "^"Ag. Similarly, the reactions '02Rh('^O, 3a3n)'*'«Ag and '03Rh(i6o, 3a4n)'°3«Ag, 
may be explained, if 3 and 4 neutrons are emitted, respectively from '°^Ag*. In these cases, 
'^C may be assumed to be a spectator. Further, in order to understand the ICF contributions 
in all a-emitting channels, an attempt has also been made to estimate ICF fraction from the 
comparison of experimentally measured EFs and theoretically calculated ones [48]. In the present 
work, the contribution of ICF has been separated out for '"ln(a2p2n), '"^In(2an), '°*In(2Q;3n), 
I06m^g^3 j^,^ ^ i04g^g(3Q,3„) and "'3«Ag(3Q!4n) reaction products which are expected to have 
contribution from both CF and/or ICF processes. The deduced ICF cross-sections for the residues 
III,IIO,108IJ, gnjj I03g,l04g,i06m^g ^ave been plotted in Fig. 6(a). From these figure, it may be 
observed that the ICF contribution in all tf-emitting channels increases with projectile energy, as 
expected. 
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Fig. 5. Experimentally measured and theoretically calculated EFs for different residues expected to be populated via only 
incomplete fusion (ajrn/2ffjrn-channels) of ' ^0 with '"•'Rh. 
Further, as indicated in Figs. 4(a), (b) and (d), ICF is expected to contribute significant amount 
to the evaporation residue cross-sections. As such, an attempt has been made to deduce the ICF 
contribution from experimentally measured and theoretically predicted EFs. Although, it is not 
possible to directly obtain the relative contribution of CF and ICF from the measurement of EFs, 
therefore some systematics has been followed. As already mentioned, the enhancement in the 
experimentally measured production cross-sections over theoretical model predictions based on 
CF calculations may be attributed to the contribution from ICF, As such, the ICF contribution 
for individual channels has been deduced by subtracting CF cross-sections (CTCF) (predicted by 
theoretical model code) from the experimentally measured cross-sections (CTEXP) at respective 
projectile energies, as suggested by Gomes et al. [3]. The ICF contributions (OICF) deduced as 
mentioned in Ref. [3], for presently measured evaporation residues are plotted in Fig. 6(a) along 
with the sum of cross-section for all ICF channels ( ^ OICF) as a function of projectile energy. 
The lines drawn in these figures are just to guide the eyes. As can be seen from these curves, in 
general, the ICF contribution increases with projectile energy. It may be because of the fact that 
the projectile break-up probability of incident ion in the field of the target nucleus significantly 
increases with incident energy. 
As mentioned, the sum of cross-sections for all measured ICF-channels ( ^ (TICF) and the sum 
of cross-sections for all CF-channels (X^acp) obtained from theoretical model predictions are 
plotted along with the total fusion cross-section (otp = J^OCF + ZIO'ICF) in Fig. 6(b). It can be 
observed from this figure that the CF component has measurable contribution even at ^ 58 MeV, 
while ICF contribution seems to start from f» 66 MeV, in the present work. Further, it may be 
noted from Fig. 6(b), that the separation between the plots for J2 OTF and acF increases with 
projectile energy, which indicates larger contribution from ICF at relatively high projectile en-
ergies. This may be because of the fact that the break-up of projectile may be favored as the 
projectile energy increases. As such, in order to have better representation of projectile energy 
dependence on ICF contribution, the percentage ICF-fraction (Fjcp) has been estimated from 
the experimentally measured and theoretically calculated EFs similar to as in Ref. [48]. The 
U. Gupta elal. /Nuclear Physics A 811 (2008) 77-92 
10' 
E 
u. 
Xi 
£ 
10' 
I ' ' ' ' I ' ' ' • I ' ' ' ' I ' I ' ' I 
^^ 0+^ °'Rh 
_ n i l 
- •— In 
[a] 
106m . 
- *— Ag 
— • — Z a 
ICF 
I I 1 I I I I I I I 
I I I I I I I , I 
55 60 65 70 75 
I I I I I I I I I I r I I I [ I I I I I I I I I I I I I 
80 85 
^ ^^0+^"Rh 
10^  
10^ t 
I ' ' 1 ' 1 1 ' ' > [b] 
•Sa, 
•SCT, 
CF 
ICF 
^ F = ^ ' ^ C F * ^^K. 
CB = 50 MeV 32% above CB/ 
• • • • I • • • • ' • • • • ' • • • • ' T I • • I • • • 1 I • 
45 50 55 60 65 70 75 80 
(MeV) 
85 
beam 
Fig. 6. (a) Deduced EFs for different ICF (a.xn/2a;:n-chai>ne!s) residues, and (b) total fusion probability (<nf) along 
with the sum of complete fusion (trcp) and incomplete fusion (CTICF)-
FicF for '^O + "'^Rh system has been deduced at different energies and is plotted as a func-
tion of projectile energy normalized with Coulomb barrier (Ebeam/ Vj) in Fig. 7. The normalized 
projectile energy (fbeam/ ^6) has been used to incorporate the effect of Coulomb barrier while 
comparing different projectile-target combinations in a plot, which is reported as best data re-
duction procedure for different systems [53]. As can be seen from Fig. 7, the relative percentage 
F[CF is found to be ^ 5.5% of the total fusion cross-section (CTTF) at Ebeam/^ fc = 1 -4, which 
increases with normalized projectile energy. However, at « 83 MeV (i.e. fbeam/Vi, = 1.77) the 
relative percentage of FICF approaches to ^ 16% of OTF. Further, in order to support these mea-
surements, similar energy dependence of F]CF for '^O -I- '^'Tb and '^O + "^ ^Tm systems taken 
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Fig. 7. The percentage ICF fraction (F |CF) ^S a function of normalized projectile energy (£bcam/ ^b) f""' '^O + '"^Rh 
system, and also two different systems, viz., '*0 + '^^Tb and '*0 + '*'Tm shown from literature [48]. 
from our recent publications are also shown in the inset of this figure [48]. As can be noticed 
from the comparison of Fjcp for different projectile target combinations, the Ficp is found to be 
« 5.5%, «= 20% and ^ 30% at the same fbeam/ Vi(= 1.4) value for '^O + '"^Rh, '^O + '^ ^Tb 
and '^O + '^'Tm systems, respectively. This striking observation clearly reveals the sensitiveness 
of FicF to the mass-asymmetry of interacting partners, which supports the systematics presented 
by Morgenstem et al. [15-18]. 
Moreover, similar mass-asymmetry dependence for ICF has been reported in one of our recent 
publications [48], wherein, it was emphasized that the FJCF depends not only on the mass-
asymmetry of interacting partners but also on projectile structure, which plays an important role 
in the underlying reaction mechanism. In the present work for '^O -I- '°^Rh system, the similar 
systematics for ICF processes has been studied at given energies and presented in Fig. 8, at a con-
stant value of Ebtam/ ^b = 1 -4, as a representative case. As can be seen from this figure, the FJCF 
is found to increase with mass-asymmetry, individually for both '^O and '^C as a projectile. It 
may, further, be pointed out that if one considers only the mass-asymmetry of interacting partners 
as presented by Morgenstern et al. [15-18], the FICF do not explain the observed systematics. As 
such, on the basis of systematics presented in this work and in our earlier publication [48], it may 
be inferred that not only mass-asymmetry of interacting partners but also the projectile struc-
ture effects should also be taken into account, while predicting the F\cp. Further, the systematics 
can be supported and strengthened by some more experimental data for various projectile-target 
combinations. 
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5. Summary and conclusions 
Measurement and analysis of EFs for several radio-nuclides produced via CF and/or ICF in 
16Q ^ 103 jy., system at energies ^ 3-5 MeV/nucleon have been presented in this paper. Some 
pj:n and axn-channels are found to have contribution from both direct and pre-cursor decay of 
higher charge isobar. As such, an attempt has been made to deduce the independent produc-
tion cross-section from cumulative and pre-cursor decay contribution of different radio-nuclides. 
The experimentally measured EFs have been compared with PACE4 predictions after correct-
ing the pre-cursor decay contribution (if any), which have been found to agree reasonably well 
for jcn/pxn-channels (CF-products). However, in case of a-emitting channels, significant en-
hancement in the production cross-sections has been observed as compared to theoretical model 
predictions. The observed enhancement in experimentally measured cross-sections may be as-
sumed to come from the prompt break-up of projectile into a-clusters ('^O => '^C -f "^ He and/or 
*Be -I- *Be) leading to the various ICF processes. It has also been observed that the probability 
of break-up increases with the projectile energy, which reveals the dependence of ICF processes 
sensitively on projectile energy. Moreover, in order to further confirm the findings of Morgenstem 
et al. [15-18], and of our recent publication [48], the dependence of FICF on mass-asymmetry 
and/or the projectile structure effect, experimental data for five experiments have been compared, 
wherein, the FICF is found to increase with mass-asymmetry, individually for both '^O and '^C as 
a projectile. Therefore, it can be inferred that mass-asymmetry of interacting partners along with 
projectile structure effects should also be taken into consideration to explain the FICF for differ-
ent projectile-target combinations. As such, it may be concluded that apart from CF, the ICF is 
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also found to contribute significantly to the total reaction cross-section even at projectile energies 
as low as ^ 3-5 MeV/nucIeon. Therefore, while predicting the total reaction cross-section for a 
projectile-target combination, the contribution coming from ICF should also be taken into con-
sideration. Further, the additional information of underlying processes can also be obtained by 
comparing a rich set of exjjerimental data for various projectile-target combinations. However, 
the measurement of recoil range distribution and spin-distribution of residues populated by CF as 
well as ICF using particle-y coincidence technique both at relatively low and higher bombarding 
energies may provide a more clear understanding of the incomplete fusion processes. 
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To study the dynomics of heavy ion fusion reactions in the lower mass region, experiments wer« carried 
out to measure the cms sections of radioacdve residues pnxluced in the interaction of the "O ion with "Al 
target nucleus at 19 diffierent energies in very close intervals covering the energy range from RsSS to 94,MeV, 
using the well-known recoil catciier off-line y-ray spectroscopy technique. The simulation of 6xperimental*data 
was perfonned using statistical-model-based computer codes, viz., CASCADE, PACE2, and AUce-9i. The analysis 
of measured excitation (unctions indicates thnt these residues ore likely to be produced by complete fusion, 
incomplete fusion, and direct reaction processes. Furthermore, to confirm the contribution of different reaction 
channels, a complementary experiment was peiformed that measured the angular distributions of the residues 
produced in the "0-t-"AI system at 85 MeV beam energy. The analysis of the results of boUi experimenu 
indicates diat at these energies, the direct reactions compete with complete fusion and incomplete fusion reaction 
processes. , 
DOl: l0.1103/PhysRevC.75.064608 PACS number(s): 25.70.Gh 
I. INTRODUCTION 
During die last couple of decades, efforts have been made 
to understand the dynamics of nuclear interaction in light 
and heavy particle induced reactions. In light particle induced 
reactions, two apparently different mechanisms such as the 
compound nucleus (CN) and the direct reactions appear to 
be dominant. In the CN mechanism, the interaction between 
projectile and tai^t nucleus takes place in such a way 
that the excitation energy is shared statistically among all 
the constituent nucleons of the composite system so that 
memory of its fonmation is lost. The time scales involved in 
diese reactions are typically s t lO"" s. The CN reactions are 
important at relatively low energies and remain a fruitful source 
of information about nuclear structure. On the other hand, in 
a direct reaction (DR), the projectile interacts with a single 
or a few nucleons of the target nucleus. The time taken by the 
projectile to traverse the target nucleus is very short (=* 10"' ' s), 
thus the energy required for the DR prtx^ess is relatively high, 
suggesting only a few degrees of fteedom are involved. 
Furthermore, at energies between those of the compound 
nucleus and direct reactions, the preequilibrium (PE) emission 
of nucleons has been observed, reflecting the dynamics of an 
excited composite system formation leading to the equilibrated 
CN [1,21. In PE emission, the particle emission is assumed to 
take place after the first projectile target interaction but prior 
to the establishment of the equilibrated compound nucleus. 
Some of the important features of PE emission are (1) slowly 
descending tails of excitation function, (2) forward peaked 
angular distribution of emitted particles, and (3) relatively large 
number of high energy particles than predicated by the CN 
mechanism. 
' mks.amu@rediffmail.com 
*bpsinghamu@gmail.com 
To explain the mechanism of such reactions, several models 
have been proposed. At present, model-based computer codes 
are available that include preequilibrium emission to explain 
the complete features of the experimental data. It is now 
possible to theoretically describe the sequence of processes, 
which has led to the comprehensive description of a large set of 
cross section data for different projectile-nucletu interactions. 
In recent years, with the availability of medium eneigy 
heavy ion (HI) accelerators, it has become possible to study 
the nuclei at higher excitation energies and angular momenta, 
where, along with complete fusion (CF) processes, such 
processes as incomplete fusion (ICF) or breakup fusion, 
deep-inelasdc collision (DIC). quasielastic collision (QEC), 
direct reaction (DR), transfer reaction (TR), PE emissioni 
etc., are also likely to occur [3]. Thus, in HI reactions, the 
cross section is shared predominantly among the following 
processes: those leading to complete fusion, deep-liwlastic 
collision, and quasielastic collision. 
As the energy increases, one observes, in addition to light 
particles, beam like particle also, evidently emitted at an early 
stage of die reaction known as ICF panicles. This emission is 
referred to as breakup fusion or ICF. The interplay between 
fusion and breakup fusion processes takes place at beam 
energies as low as just above the Coulomb barrier [4-9]. 
This observation led to a renewed interest to the study of 
the dynamics of HI reactions. Furthermore, the different 
behaviors of HI interactions, which depend on the energy 
regime, entrance channel mass asymmetry, etc., are still some 
of the unanswered and important open questions. 
There are several ways to classify HI interactions. One 
of them is in terms of the impact parameter [3]. At higher 
values of impact parameter, the DR may take place, leading 
to few nucleon transfer processes. However, at smaller impact 
parameter values, the CF, ICF, and DIC processes may be 
dominant. In complete fusion reactions, the incident ion is 
05S6-2813/2007/75(6)A)64608(l 0) 064608-1 ©2007 The American Physical Society 
MANOJ KUMAR SHARMA et al. PHYSICAL REVIEW C 75,064608 (2007) 
completely absorbed by the target nucleus, forming an excited 
composite system from which particles and/or y rays may 
be emitted after the formation of the equilibrated compound 
nucleus. 
However, in the case of ICF, the projectile is assumed to 
break up in tlie vicinity of the nuclear field of the target nucleus 
into the fragments called projectile-like fragmet\ts (PLFs), and 
only one of the PLFs fuses with the target nucleus, while the 
remaining PLFs continue to move in the forward direction with 
approximately the same velocity as that of the incident ion. 
The ICF reactions have been reponed to have tlie following 
characteristics: (1) a forward peaked angular distribution of 
PLFs, which are predominantly emitted at the beam velocity 
and are generally viewed as fast breakup of the projectile, 
(2) a linear momentum transfer less than that of complete 
fusion, resulting in a smaller range of the evaporation residues, 
(3) a relatively higher measured cross section than that 
predicted by statistical models, and (4) a higher energy of the 
direct a particles than that of the evaporation a particles from 
the equilibrated compound nucleus. Various model.s have been 
proposed to describe the dynamics of ICF reactions, but none 
of them is able to explain the experimental data over a large 
energy range and mass region as well. It may not be out of place 
to mention that there is no satisfactory theoretical support so 
far for ICF reactions that caabe used to simultaneously explain 
complete and incomplete fusion processes. 
Funhermpre, DICs may also be likely at these energies, 
in which the mass of the resulting nuclei are close to the 
mass of the projectile and target nuclei. The deep-inelastic 
collision may be characterized by .substantial dissipation of 
initial kinetic energy and angular momentum. The time scale at 
which DICs are expected to OCCIT is less than the CN lifetime, 
but long enough for the exchange of a significant numljer of 
nucleons between the target and the projectile. One may get the 
information about the mechanism through the mcosuremem 
and analysis of cross section data, recoil range, and angular 
distributions of the residues produced in the interaction of two 
heavy nuclei. The cross section data obtained for such channels 
have a wide range of applications. Therefore, the above study 
is not only an important subject in its own right, but also 
significant for its impact on related fields of investigation and 
for its rich variety of applications. In this context, a program 
of measurement and analysis of the cross sections of nuclear 
reactions induced by HI has been undertaken [ lOj. 
In the present work, the excitation functions (EFs) for 
radioactive residues produced in the interaction of '^0 ion 
with ^ 'AI have been measured in order to .study the reaction 
dynamics, particularly in the low mass region. Most of the stud-
ies in which the occurrence of ICF was observed were carried 
out generally with heavier mass target nuclei. Though initial 
studies on incomplete fusion have been carried out al energies 
=»10 MeV/nucleon using rare-earth targets [U), there are very 
few studies with lower mass target nuclei. One advantage of 
using a lighter mass system is to avoid the possibility of fission, 
which is one of the competing modes in HI reactions on heavier 
target nuclei at these energies. Furthenrtorc, if heavier targets 
are used, the emission of a particles from the fused excited 
system is likely to be substantially reduced 1121 because of the 
high Coulomb barrier. As a result, the emission of a particles 
in incomplete fusion channels may give rise to residues which 
may have very little contribution from complete fusion chan-
nels. Measurement and analysis of EFs [4,5] in HI reactions 
for heavier target nuclei have indicated that ICF is an important 
component of the reaction mechanism at these energies. 
With the motivation to determine the contribution of 
incomplete fusion processes in light mass target nuclei, 
the mea.5urcment and analysis of the cross sections for 
the reaction channels (2an), (3a3p), (3tt3p/i), (4ff2p/i), and 
(4a3p) produced in the "0-t-"Al system have been carried 
out at 19 different energies at very close intervals covering 
the energy range from «58 to 94- MeV. -There are mainly 
two experimental methods which are widely used to s'tudy the 
dynamics of HI reactions: (1) off-beam )'-r?y spectrometry 
by the measurement and analysis of the excitation functions 
(EFs), recoil range distributions, and angular distributions of 
the residues produced in the projeclile-taigel interaction using 
the activation technique and (2) in-beam y-ray spectrometry 
by detecting the breakup a particles of the projectile, i.e. 
projectile-like fragments, in coincidence with the prompt y 
rays of the populated residues using the particle-)' coincidence 
technique. The former is based on the measurement of the 
activity produced in radioactive residues using off-line y-ray 
spectroscopy. 
In the literature (13!, die measurement of cross section 
data exists for the "'0-1-^'Al system using the activation 
technique. Landenbaurer-Bellis et al. [13] measured the cross 
section for the reactions in the above system employing the 
activation technique in the energy range 10.5-1 MeV/nuclcon, 
using a NaT (Tl) detector to identify y rays of interest and 
an end-window gas flow proportional counter to resolve fi 
decay. The energy spread of the data points are substantially 
large. It may, however, be pointed out that no theoretical 
interpretation of the data was made [13]. Furtherrnore, it has 
been mentioned that observed trend of the data indicates a 
CN mechanism. However, inore recently, McKenna elal. [14] 
tried to reproduce the experimental data [13] in an experiment 
using a high intensity laser produced plasma beam. They also 
performed theoretical calculations f 14] using the Monte Carlo 
code PACE2 [15]. They reported that residue '^Cl is produced 
by the evaporation of two a particles and one neutron from 
the compound nucleus. Furthennoiw, the production of other 
radioisotopes, viz., ^Mg, -''Na, and ^ ''Ne, was attributed to the 
compound nucleus as well as to direct reactions. It is not out of 
place to mention here that incomplete fusion and deep-inelastic 
collision are also dominant mechanisms in HI reactions at 
these energies, and hence the contributions of these reaction 
channels are also required to be taken in to account. 
In the present work, an attempt has been made to explain 
the experimentally measured cross sections using statistical-
model-based computer codes, viz., CASCADE [16], PACE2 (15], 
and AUCE-91 (17].Toobtain complementary information about 
the processes involved in lighter mass symmetric systems, 
angular distributions of the residues produced in the " 0 + ^ Al 
system have also been measured at 85 MeV beam energy. 
Experimental details are discussed in Sec. II of the paper; the 
analyses of the excitation functions and angular distributions 
are presented in Sees. Ill and IV, respectively. Conclusions are 
given at the end of the paper. 
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U. EXPERIMENTAL DETAILS 
Tlie experiments were peifoimed « t h e Inter University Ac-
celerator Centre ( lUAQ formerly known as Nuclear Science 
Center (NSC). New Delhi, India, using the 15 VD Pelletron 
accelerator facility. The experiments for excitation functions 
and angular distribution measurements were carried out in the 
general-purpose scattering chamber (GPSC) of 1.5 m diameter 
dedicated for such studies, having an in-vacuum transfer 
facility. The time interval between the end of irradiation and 
the beginning of counting was minimized using in-vacuum 
transfer of samples from the scattering chamber to the 
counting system. Details of the measurements of excitations 
functions and annular distributions are given in the following 
subsections. 
A. Excitation functions 
The spectroscoplcally pure self-supporting foils of ^Al 
(purity fs99.999%) were rolled to obtain samples of the desired 
thickness. Target thickness plays a crucial role in each mea-
surement. Therefore, measurement of target thickness must be 
as accurate as possible to obtain accuracy in the measured 
cross section data. In the ptesent case, the thicknesses of 
the target as well as the catcher foils were detcmiined using 
the a-transmission method. This method is based on the 
measurement of the eneigy lost by 5.485 MeV a particles 
obtained from a ^*'Am source while passing through the 
target diickness. For thickness detennination, the stopping 
power values were calculated using the program SRIM-2006. 
The measured ttiickncss of'^Al foils were R«1.8 mg/cm*. The 
Al samples and the degrader/catcher foils were cut into 1.2 x 
1.2 cm^ squares and pasted onto rectangular target holders 
having concentric holes of 1.0 cm diameter. In the present 
woik, two stacks containing five alternating samples of natural 
Tm and Al and another two stacks containing five and four 
alternating samples of natural Tb and AI, respectively, were 
used for the EF studies. The samples of Tm and Tb served 
as energy degraders and catchers. In separate communications 
[18,19], the activations of the Tb and Tm samples were studied 
for the measurement of cross sections for a large number of 
channels. The calculations of energy loss in the stack were 
done using the energy range program SRIM-2006. Four stacks 
containing in all 19 '^Al samples and an equal number of 
energy degraders were irradiated by the " O ' * beam at four 
different energies, i.e., 86 ,88 ,92 , and 95 MeV. The irradiation 
of these four stacks covered the desired energy range a(58 to 
95 MeV. As the beam traverses the samples of the stack, the 
energy spread goes on increasing toward the last sample. As 
a typical example, the energy spread at «558 MeV is «s2%. 
Keeping in mind the half-lives of interest, the irradiation of 
each stack was carried out for a=8 h duration. The beam 
currents were ssSO nA. The total charge collected in the 
Faraday cup was used to calculate the flux of the incident 
beam. Futtiiermore, to monitor the flux of the incident beam, 
in an auxiliary experiment, two Rutherford monitor detectors 
kept at ±30° with respect to the beam direction were used. 
The two readings of the flux agreed with each other within an 
uncertainty of about 5%. It may, however, be pointed out that 
the unreacted beam is dimiped in the Faraday cup about 1 m 
away from the samples. 
In the present work, the analysis of the "0-t-^ Al system is 
being presented which provides a data set of 19 points at very 
close eneigy intervals. The stacked foil activation techniqiie 
followed by off-line y-ray spectroscopy was employed to 
determine the cross sections for various leaction residues. 
In the stacked foil technique, the energetic beam traverses 
through all the samples with degrading beam energies; as 
such, it is possible to bombard different samples of ttic 
Stack at different energies. The activities indijced in the 
various samples were recorded by, counting the Al samples 
as well as the degrader/catcher foils usiilg a high-purity Ge 
y-tay spectrometer coupled to a personal-computer-based 
multichannel analyzer setup employing Oie FREEDOM software 
[20]. The counts under photo peaks of interest were taken for 
the determination of cross section after proper background 
correction. The HPGe y-ray spectrometer (resolution a<2 keV 
for 1.33 MeV y ray of *Co) was precalibraied for both energy 
and efdctency employing various standard y sources such as 
"Na, "Mn. " " C o , '"Ba, »'Cs, and ^"Eu. To determine 
the geometry-dependent efficiency Gj for y rays of different 
energies, a standard source of ' " E U of known strength was 
used. A typical plot of C , at 2 cm distance fix>m the sample 
to the detector system is shown in Fig. 1. Relevant portions of 
the observed y-ray spectrum of the irradiated ^AI sample at 
82 MeV " 0 beam are shown in Fig. 2. 
The peaks in the observed y-ray spectrum were assigned to 
different reaction residues on the basis of their characteristic 
energy of y lines as well as measured half-lives. A typical 
curve used to determine the half-life of the residue '*"C1 is 
shown in Fig. 3. A list of reactions, energies of the identified 
y rays, and their branching ratios [21] are given in Tkble I. 
The measured intensities of the characteristic y rays were 
used to compute the reaction cross sections using the formula 
[22] 
(Tr(.E) = CXexp(Xr() 
N„4>PK{G,)\l - ejLpi-XuW -exp(-J.».)]' (1) 
0.04 
0 400 SOO 1200 1600 
Energy (KeV) 
FIG. I. TVpical plot ofphoto peak efficiency ofHPGe detector as 
a function of y-ray energies of the '^Eu source. 
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TABLE 1. Reactions, measured hnlf-lives, identified y rays, and their branching ratios. 
Sample no. Reaction Half-life E, (keV) Blanching ratio (%) 
"M("0,2ai,)^a 32.2 min 146.5 40..-! 
"AI('»0.3or3p)'»Mg 20.9 h 400.3.1342.3 36.0,54 
"AlC'0.3<»3p«)='lWg 9.4 min 843.7 73.0 
"AI(i»0.4a2pn)='Na 14.6 h 1368 100 
"Al('*0.4a3p)=*Ne 3.8 min 472.2 100 
where Cj is the observed counts under the photo peak during 
the accumulation time t„ of the induced activity of decay 
constant X. No the number of target nuclei irradiated for time ii 
with a particle beam of flux ip. ii the time lapse between the stop 
of irradiation and the start of counting, P (he branching ratio 
of the characteristic y ray, and G, the geometry-dependent 
efficiency of the detector for the x ray of a given energy. 
Proper correction for the geometry-dependent efficiency was 
taken into account for each case. The factor ft — exp(-X//)], 
known as the saturation correction, takes care of the decay of 
evaporation residues during the irradiation. The corrections for 
the decay of the induced activity due to the delay between the 
stop of irradiation and the start of counting and during the data 
accumulation are taken into account via the factors exp(M) 
and {1 - exp(-Xto)], respectively. K = [I - exp(-/ia:)/^j;l 
is the correction for the self-absorption of the y radiation in the 
sample thickness itself, where x is the thickness of the sample 
and 11 is the energy'-dependenl y-ray absorption coefficient. 
The experimentally measured values of cross sections 
at different energies for the reactions "A1("0,2an)'*Cl, 
600 650 700 750 600 850 900 850 1000 
10' 
C 
3 
O 
400 keV 
Mg 
b 
•I .1 l..i< U 
1700 1750 1800 1850 1900 1950 2000 2050 2100 
00 5850 5900 5950 6000 6050 6100 6150 620O 
Channel No 
FIG. 2. Observed y-roy spectnim of irradiated ^Al sample at 
82MeV. 
"A1('«0,3a3p)=»Mg, "A1('«0,3a3;>n)"Mg, "A1{'«0, 
4a2/)n)'''Na, and "A1('*0,4a3p)^lNe are pven in "ftble 11. 
B. Angular distributions 
A separate experiment has also been carried out to measure 
the angular distribution of recoiling residues produced in 
the '*0-l-"AI system at 85 MeV beam energy. In this 
experiment, an Al target supported by Tm material of thickness 
M).4g mg/cm' followed by a stack of thick aimular concentric 
Al catcher foils was mounted in the irradiation chamber 
normal to the beam direction. Concentric annular aluminum 
catchers of thickness s«0.3 mm with diameters 0.81, 1.29, 
1.95, 2.64, 3.27, 5.46, and 6.4 cm were used to trap 
the i«coiling nuclei emitted at different angles. A typical 
arrangement of the target and catcher assembly used for 
the angular distribution measurements is shown in Rg. 4. 
The arrangement of annular catchers was placed 1.8 cnt 
behind the target for collecting the residues emitted in seven 
different angular ranges, viz., 0°-l3° (most forward cone), 
13''-21=,21='-3(y,30'=-39°,39°-45°.45°-60°, and 60°-64°. 
The irradiation was carried out for about 11 h with a beam 
current of w7 pnA. The activities induced in each catcher 
were followed off line for a couple of days. Typical y spectra 
indicating the region of interest for different annular Al catcher 
rings covering the angular i^nge from 0°-l3° to 45°-60' is 
shown in Fig. 5. For identification of the reaction residues, the' 
similar procedure is adopted, as discussed in Sec. II A. Further, 
2000 4000 6000 BOOO 10000 
Lapse Tinte (Sec.) 
Flo. 3. Typical curve used to determine the half-live of the 
residue "^-Cl. 
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TABLE II. ExperimenoUIy measured cross sections. 
Lab energy aCCl) <T("Mg) <T("Mg) CT("Ne) a("Na) 
(MeV) (mW (mb) (mW (mb) (mb) 
58.0 ±1.3 9.40 ±1.69 - - - 0.46 ±0.08 
58.7 ±1.3 14.57 ±2.62 
- - -
1±0.18 
66.5 ±1 .2 57.72 ±10.39 
- - -
0.94 ±0.17 
68.0± 1.2 62.70*11.29 
- - -
0.96±0.17 
68.3 ±1 .2 I54.09±27.74 
- - -
0.275 ±0.03 
71.6±1.1 115.49 ±20.79 
- - -
0.63 ±0.11 
75.4 ±1.1 169.53*30.52 
- - -
0.89 ±0.16 
76.2±1.1 100.98± 18.18 0.08 ±0.01 
- -
1.35 ±0.243 
77.1 ±1.0 126.40 ±22.75 0.09 ±0.01 
- -
l .I7±0.21 
78.8± 1.0 95.32± 17.16 
- - -
1.2±0.22 
8 l . 8 ± l . 0 81.96± 14.75 2.48 ±0.44 
- -
2.35 ±0.42 
82.0 ±0.9 120.91 ±21.76 
- - -
1.37 ±0.25 
85.5 ±0.6 84.79 ±15.26 2.21 ±0.4 
-
O.I2±0.03 7.88±1.41 
85.9 ±0.9 140.79 ±28.26 3.11 ±0.5 
-
O.U±0.02 5.15±0.9 
88.2 ±0.6 15.53 ±2.80 1.53 ±0.26 0.22 ±0.05 0.36 ±0.09 1.03 ±0.18 
88.5 ±0.8 
-
0.42 ±0.05 0.2 ±0.05 
-
1.58 ±0.28 
91.4 ±0.6 5.43 ±0.98 
-
0.08 ±0.02 0.22 ±0.05 1.15 ±0.20 
9J.4 ± 0.8 8.26 ±1.48 0.4 ±0.08 0.11 ±0.02 0.12 ±0.05 1.5 ±0.27 
94.4 ±0.6 4.74 ±0.85 0.2 ±0.06 0.1 ±0.03 0.1 ±0.03 1.33 ±0.24 
the intensities of the characteristic y rays were used to compute 
the reaction .cross sections at different angular ranges, using 
Eq. (1), given in Set. IIA of thii paper. The efficiency of the 
detector was obtained for a point source. However, the annular 
catchers used for trapping the reaction residues had a finite 
area; therefore, a proper correction [23] was applied to deduce 
the cross sections for the residues of interest. 
k. Calculations with CASCADE 
The code CASCADE [16] is based on Hauser-Feshbach 
theory 124] and is generally used to obtain the Oteoretical 
estimates of cross sections using the CN mechaniim. It does 
not consider the possibility of incomplete fusion (ICF) and PE 
emission. The main advantage of this code is that it provides 
the option of scaliiig the default parameters (i .e., fission barrier, 
rigid-body momenhim of inertia) to obtain cross section values 
in the mass region of interest. The decay probabilities are 
III. ANALYSIS 
To obtain information regarding the mechanism involved 
in these reactions, the comparison of measured excita-
tion functions was performed using three computer codes: 
CASCAt)E [16], PACEl [IS], and AUCB-9t [17]. Brief details of 
these codes along with their Important parameters, etc., are 
discussed in the following sections. 
Stact^  of Al-ciiuhcrv of (tiwIcncKH 
"Toi 10J ram with cpncenlric liol«« 
. 47.24 M«/cm' 
(Thicknnt •> t.l mt/cu') 6.5 cm 
FIG. 4. lypica] arrangement of target-catcher assembly used for 
the angular distribution measurements covering the annular range 
from 0-13' to 45-60'. 
• 
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10 • 
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| i o ; 
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5 10' 
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l o -
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E|«14LSII*V 0'-13" 
^14<.^lnV ij'-ai'-
• ^ I . ^f' 
2l'-30' 
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Channal number 
FIG. 5. Typical y-spectra AlM:atcher rings covering the annular 
range from 0"-13° to45'-60°* 
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detennined by the level densities of the daughter nuclei and 
the banier penetrabilities for the various channels. The optica) 
model potentials of Becchetii and Greenlccs (25] are used 
for calculating the transmission coefficients for protons and 
neutrons, and the optical model potential of Satchler f26] 
is used for a particles. The Fermi gas model is used for 
calctilating the level densities for the product nuclei. 
The partial cross section for the formation of the compound 
nucleus of spin J and parity n from a projectile and a target 
nucleus of spins Jp and JT, respectively, al ccnter-of-mas.'s 
energy E is given by (27J 
aU. IT) = ;rX aJ + 1) Jr'i-JT J+S 
4jr2(2y^+l)(2yr + l) ^ ^ '^ ''^ '^• 
(2) 
where TL are the transmission coefficients, which depend 
on the enei:gy and the orbital angular momemum L, and 
S(.= Jf + Jf)is the channel spin. 
The total fusion cross section for the maximum angular 
momentum Lc of the compound nucleus is given by 
(3) 
In statistical model calculations, the critical angular momen-
tum Lr for compound nucleus fusion may be sharp, or it may 
have some ov«Hap from Lc to higher L. The effective moment 
of inertia I may be obtained from the low-lying states of the 
isotope using the relation 
/ = ^mr\ (4) 
wheie r is the radius of spherical nucleus given by r„;4'". 
The level density fomiula implie."! a yrasi line, 
where A is the pairing energy which determines the zero point 
of theeffective excitation energy. In this code, the level density 
parameter constant K and the ratio of actual moment of inertia 
to the rigid-body moment of inertia of the excited system 
F) are the two important parjuneters which may be varied 
to match the expeiiinental data. In HI induced reactions, the 
high angular momentum and excitation energy are expected 
to have considerable influence on the deexcitation cascade. 
Because in HI reactions, the increasing excitation energy also 
increases the angular momentum; therefore, the deformation 
of the nucleus due to the angular momentum cfTect may also 
be quite substantial. In calculations, the deformation effects 
may be included by using an angular momentum dependent 
moment of inertia, which results in the deviation of the yrast 
line from (tax calculated assuming the nucleus to be a rigid 
sphere. The level density parameter a/ at the saddle point, 
which may be obtained from the relation a/ = A/Dn^, where 
A is the mass number of the compound nucleus and Dj<f is a 
ftee parameter, may be varied to match the experimental data. 
It has been observed that the parameter D/if has considerable 
influence on calculated EFs in the higher energy region. 
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It inay, however, be pointed out tliat a value of it > 10 
may give rise to the anomalous effects in particle multiplicity 
[28]. In the present work, the calculations were performed 
consistently using the set of parameters which are widely 
accepted and were used in our recent publication [19]. Here, 
calculations have been performed taking a value of Jf = 8. 
It may also be pointed out that the residue ^ a pioduced via 
the '^  AK"0.2a«) channel has metastable as wdl as ground 
states. In the present work, the metastable state of die lesidue 
'^Cl was observed through the 146.3 keV y ray of intensity 
40.5«. Since the intensity of the ground state of the [«sidue 
" • a is very low. the ground stat» of ^iO. could not be 
observed. The production cross sections of die residue *•"€! 
were conveited into the total cross section of the residue ^O 
by using the standard radioactive decay method. Since the code 
CASCADE gives the total production cross section of the residue, 
it is reasonable from a physics point of view to compaie the 
total cross section of the residue "Cl with the calculations. 
The experimentally measured and theorttically calculated 
EF for the reaction "A1('*0,7anf*C\ U shown in Fig, 6..Tbe 
measured values of the cross sections for the residue '^ Cl by 
Landenbaurer-Bellis tt al. [13], which has some contribution 
from the residue "Cl, are also shown. As can be seen ftom 
this figure, the measured values [13] of the cross sections of 
the residue '^ Cl have large uncertainties in the eneigy scale. 
In the present work, the energy uncertainty resulting from the 
finite thickness of the sample is much smaller. Furthermore, in 
the energy range of interest, Landenbaurer-Bellis et al. [U] 
have effectively three data points, whereas in the ptesem 
woik, the measurements were carried out giving 19 data 
points, indicating a precise measinement at a very close energy 
interval, as indicated in Fig. 6. As has already been mentioned, 
the code CASCADE does not take into account the possibility 
of incomplete fusion processes; therefore, the enhancement of 
measured cross sections as compared with the calculated EFs 
for the reaction " A I ( " 0 , 2an)'*CJ may be attributed to the 
ICF process. 
The experimentally measured EFs for the 
reactions "AI('«0,3«3p)"Mg, " A 1 ( " 0 . 3a3pn)*'Mg, 
"Al("0,4a2pn)"Na, and "Al('*0.4a3p)*'Ne are shown 
in Figs. 7-10, where the solid curves guide the eye to 
ID' t • I ' - • • I • • r • I 
"All'^ O. 2onrci 
10'^ 
f i l l ' X 
1 0 ' . 
10 
• » 
« frtMfnworIt 
PACE} 
MJCC.«1 
. . . . CASOIDI 
-»-Pliy». Rw. IIS (tN2| M i 
i I 
55 SO 65 70 7S «0 SS 90 05 100105110 
Enargy {M«V) 
FIG. 6. Experimentally measured and theoretically calculated 
EFs. Literature values (131 are also shown. 
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FIG. 7. Experimenislly measured EFs. Solid curve guides the eye 
(0 the experimental data by curve fitting. 
the experimental data by curve fitting. In Fig. 9, the 
literature values [13] of the cross sections of the residue 
**Na are also shown. On the basis of the trends of these 
curves, Landenbauier-Bellis et al. [13] concluded that these 
reactions are formed by evaporation processes referred to 
as the Compound nucleus mechanism. Landenbaurer-Bellis 
et al. [13] -in their, study of the " O + ^ A l system did not 
compare the data with theoretical simulations. Since die 
calculated values of EFs using code CASCADE for these 
reactions are negligibly small, they are not sho>Mn in Figs. 
7-10, thus the observed enhancement by several orders of 
magnitude over their negligible theoretical predictions for 
these channels may be attributed to the fact diat these reactions 
are likely to be populated by some processes other than CN 
processes. Furthermore, to confirm whether these reactions 
are formed by CF or ICF processes, the angular disnibutions 
of these recoiling residues produced in the " 0 + " Al system 
have also been measured, as discussed in Sec. IV of the paper. 
r ' I < I < I < I • I > I • I • • 
10' • % 
1" 
10- ' • 
4n'> 
—4—Phy«. Rm. 13S (1«tt)tM 
a 00 65 70 75 80 «$ M 95 100 105110 
Energy (MeV) 
FIG. 9. Enperimentally measured EFs. Literatuie values are sUo 
shown. 
B. CalcDlatiora with PACE2 
The theoretical estimate of the cross sections for the 
evaporation residues has also been obtained using code PACGZ 
[15], which is based on a statistical approach. It use$ a 
Monte Carlo procedure to determine the decay sequence of 
an excited nucleus using the Hauser-Fechbach formalism. 
The angular momentum projections are calculated at each 
stage of deexcitation, which enables the detemnination of 
the angular distribution of the emitted particles. The main 
advantage of Monte Carlo calculations is that they provide 
correlations between various quantities, such as particles and y 
rays or angular distribution of particles. The evaporation cross 
sections of the residues are calculated using the Bass fonnola 
[29]. TTie code provides the ability to have an event-by-cvent 
traceback of the enthe decay sequence from the CN system 
into any one of the exit channels. The optical model parameters 
for neutron, proton, and a emission were taken from Perey 
and Perey [15]. The y-ray strength functions for E l , E2, and 
Ml transitions were taken from tables of Endt [30]. This 
code has been modified to take into account the excitation 
energy dependence of the level density parameter using the 
prescription of Kataria et a/. [31 ] . In this code, the level density 
parametero »• <4/J^ is one of the impottant parameters, where 
10' 
10' 
10' 
10' 
10-
10-
1 • " 1 1 ^ r -
i "UC'0,3<»3pn)"Mg ' ' ' 
• • 
• • 
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Energy (MeV) 
FIO. 8. Experimentally measured EFs. 
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A is the mass number of the compound nucleus and K '\%& 
free parameter. The value of K may be varied to match the 
experimental data. In the present work, a value of *r = 8 has 
been taken. 
The dieoivtically calculated EFs using the code PACEZ for 
the reaction "A!('«0,2on)-^a are also shown in Fig. 6 
as the dashed curve. The observed enhancement of the 
measured EFs as compared with the theoretical calculations 
again indicates that the residue ^ Q may not be produced only 
by the complete fusion process, but also by some other process 
such as incomplete fusion. The theoretical calculations for 
the reactions "Al("0.3a3p)2"Mg, "Al("0,3«3pn>"Mg, 
" A 1 ( " 0 , 4a2/>n)"Na, and "Al('*0.4a3p)"Ne give cross 
sections which are negligibly small, and hence no comparison 
of the experimental data with the simulations of this code 
is made in Figs. 7-10. Thus, it may be concluded that the 
significant contribution to tliese reaction channels comes from 
processes other than complete fusion. 
C. Calculations with AUCE-91 
The code AUCE-91 (17], developed by M. Blann, may be 
used to. calculate the equilibrium as well ss preequilibrium 
(PE) emission cross sections in light and heavy ion induced 
reactions. The compound nucleus calculations in this code 
are performed using the Weisskopf-Ewing model [32], while 
the PE component is simulated using the geometry-dependent 
hybrid model [33]. In this code, the possibility of incomplete 
fusion is not taken into account. The particles that could be 
emitted are neutron, proton, deuteron, and or particles. The 
code can calculate the reaction cross sections for the residual 
nuclei up to mass 11 and 9 a.u. away from the compound 
nucleus. The Myers-Swiatecki/Lysekil mass fonnula [34] is 
used for calculating Q values and binding energies of all the 
nuclei in the evaporation chain. The inverse reaction cross 
sections used in the code are calculated using the optical model 
[33] subroutines, although there is also an option of using 
ttie classical sharp cutoff model. The transmission coefficients 
are calculated using the parabolic model Of Thomas |36] for 
heavy ions. Calculation."! for PE emission in thus code are done 
assuming equipartition of energy among the initial excited 
particles and holes. The mean free path (MFP) for intranuclear 
transition rates may be calculated eitherfrom the optical model 
potential parameters of Becchetti and Greenlees [25] or from 
Pauli-cotrected nucleon-nucleon cross sections [37,38]. In the 
ptesent calculations, the optica! potentials of BecchetU and 
Greenlees [25] were used. 
Level densities of the residue in code AUCE-91 may be 
calculated eitherfrom the Femii gas model or from the constant 
temperature form. The Fenni gas model gives [39] 
form is given as [40] 
piP) = (U- Sr^/*exp[2^a{U-S)] (6) 
where i is the pairing term and U is the excitation energy of 
the nucleus. The level density parametera is taken as A/K. A 
being the mass number of the nucleus and K is an adjustable 
parameter. The level density pW) >n constant temperature 
p{U)<x^B"'r (7) 
The differential cross section for emitting a particle with 
channel energy e may be written as (cross section per unit 
energy 'o emit a particle of type v) 
4n-2 52(2/ + l)r,(25, -t-1) 
' - I O I 
(-|0| J'\l-I] m 
where X is the de Broglie wavelength of the incident ton, T; Uie 
transiTiission coefficient of the /th partial wave of the incident 
ion, ^(s, J) the spin-dependent level density, for the residual 
nucleus. D the integral of numerator over all paittetea and 
emission energies, and e tfie excitation energy of the compound 
nucleus. S, is the intrinsic spin of the particle v, and T!,(s),is the 
transtltission coefficient for the particle v with kinetic energy 
e and orbital angular momentum /. 
In the Weisskopf-Ewing cateulations, the nuclear moment 
of inertia is infinite; hence ftere is no eneigy tied to rotation, 
thus no level density cutoff at high spin. This code does not 
take into account the angular momentum involved in heavy 
ion reactions. However, the heavy ion projectile imparts large 
angular momentum to the composite system having a finite 
moment of inertia and hence greater rotational energy. Doe to 
nuclear rotation, a nucleus with a given angular momentum J 
cannot have energy below a minimum value £7*". that is, 
(9) £7"" R! JU -f 1) 
Here, / is the moment of inertia of the composite nucleus. 
In this code, the level density parameter a, the MFP 
multiplier COST, and initial excilon number no are some of 
the important parameters, a largely affects the equilibrium 
component, while ng and COST govern the preequilibrium 
component, a is calculated from a = AjK. In code AUCE-91. 
the intermediate states of the system are characterized by 
the excitation energy E and number np of excited paittcles 
and h^ of excited holes. Particles aiid holes are defined 
relative to the giound state of the nucleus and are called 
excitons. The initial configuration of the compound system 
defined by the exciton number no .= (np + n^) is an important 
paraineter of PE formalism. In the present work, a value of 
no = 16 with configuration (8p + 8n + Oh) has been found 
to satisfactorily reproduce the experimental data, where p, n 
and h represent the number of excited protons, neutrons, and 
holes, respectively. The code AUCE-9I calculates two-body 
nuclear transition rates using Pauli-corrected free nucleon-
nucleon scattering cross section data. The acnial MFP inside 
the nucleus may be quite different from the one calculated 
using free nucleon-nucleon scattering data. To compensate for 
this difference, a parameter CX3ST is provided in the code 
AUC6-91. A value of COST greater than zero means a smaller 
value of the actual MFP for nucleon-nucleon scattering inside 
the composite excited nucleus. In the present work, a value 
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of COST = 2 is found to reproduce the experimental data 
satisfactorily. 
When AUCE-91 calculations with the above-mentioned 
paraiiKter values were compared with their experimental 
counterparts, it was observed that the maxima of the measured 
EFs were at higher energies than those of the calculated EFs. 
This is to be expected, because in ALICE-91 calculations the 
angular momentum effects are not taken into account. In 
HI induced reactions, the incident particle imparts relatively 
larger angular momentum to the composite system. If, in the 
last stages of nuclear deexcitation, higher angular momentum 
inhibits panicle emission more than it does y emission, then 
(he peak of the excitation function corresponding to the particle 
emission mode will be shifted to higher energies [41]. The 
effect is more pronounced in heavy ion reactions than in light 
ion reactions, since the rotational energy is much greater 
in HI reactions. An estimate of the possible shift due to 
angular momentum effects may be made from the nuclear 
rotational energy. For a rigid body, the rotational energy is 
given by £ « «(m/M)Eub. Here, mIM is the ratio of the 
projectile and target nucleus masses and EM is (he incident 
energy [41]. Since the angular momentum effects have not 
been considered in the Weisskopf-Ewing calculations of the 
present version of the AUCE-91 code, it is desirable to shift 
the calculated EFs by the amount approximately equal to 
Em as calculated above. In the present work, the calculated 
EFs have'been shifted by £„, on the energy scale. The 
experimentally measured and theoretically calculated EFs for 
the reaction ''AK^O, Zanj'^ CI are shown in Fig. 6, where 
the dotted curve shows the theoretical calculation done using 
code AUCE-91, The observed enhancement of the measured 
EFs compared with the theoretical calculations for the reaction 
" A 1 ( " 0 . 2an)"Cl done by this code indicates that the residue 
'^ Cl may not be produced by complete fusion but by some other 
processes such as ICF. Furthermore, the measured EFs for 
the reactions "A1('*0,3ff3p)"Mg. "Al('*0,3fl(3p»i)"Mg, 
"Al("'0,4ff2/7«)^*Na, and " A I ( ' ' 0 . 4a3/7)"Ne are shown 
in Figs. 7-10. The theoretical calculations for these reactions 
give cross sections that are negligibly small, similar to the 
codes CASCADE and PACE2. while the measured EFs for these 
channels have substantial cross sections. As such, it may 
be concluded that after including PE emission, which is one 
of the dominant mode of reaction mechanisms in heavy ion 
reactions, the experimental data could not be reproduced, 
indicating the presence of a reaction mechanism other than 
CF and PE processes. 
IV. ANGULAR DISTRIBUTIONS 
The analysis of EFs for the presently measured reactions, 
as mentioned in Sees. Ill A-IIIC, clearly indicates that these 
reactions have significant contributions other than those of 
CF and ICF processes. To confirm the reaction mechanism 
involved, a specially designed experimental setup was used as 
shown in Fig. 4. In ttiis experiment, an Al target supported by a 
natural thulium material of thickness «:0.48 mg/cm' followed 
by a Slack of thick annular concentric Al catcher foils was used. 
Depending on the momentum transfer front the projectile to 
the composite system, the residues formed by CF and ICF 
10* 
10" 
g 10 
IT' ! • ' ' M ' ' 
:"AI("04on)''CI 
• 
• ' • ' I 
• 
: ^ N • 
— 1 _ _ — , — , — , — , — 1 . 1 
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... . . .... 
f n 
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FIG. 11. Measured angular distributions for reaction 
"Al("0,2ony"Cl. 
processes will be trapped in the concentric annular aluminum 
catchers at different angles. The residues that are expected to 
be populated by a mechanism such as a direct reaction may 
be stopped within the thulium layer. The measured angular 
distributions for the reaction "Al('*0,2aii)**a is shown in 
Fig. 11. Two peaks are observed: one around 0°-13° can be 
assigned to the residues populated by complete fusion, and the 
other peak in the angular range 4S°-60= can be assigned to the 
residues populated by ICF processes. 
Note that out of the five reactions identified in the EF 
measurements, only the y ray of 146.S keV coitesponding 
to the reaction "A1("0,2an)^CI could be identified from its 
energy as well as the half-life of residue ^CI in the angular 
distribution measurements. The residues formed by CF are 
likely to recQil in the forward cone, as such peaking of angular 
distribution around 0° indicates the population of residue ^O 
via CF. However, the same residue '^ Cl when populated by 
ICF of residue '*0 will show peaks at much higher angles. 
Therefore, it may be concluded that the basic mechanism of 
population of ^ 'Cl may be based on both CF and ICF processes. 
However, the EF analysis has clearly indicated that the other 
reactions, i.e.. "A1(">0,3a3p)'»Mg, "A1('«0,3a3pfi)"Mg, 
"Al{'*0,4a2pn)*^Na, and "A1('*0.4«3p)^Nc are not 
likely to be populated via the CF process. The same is reflected 
from the angular distribution measurements, since no peak 
corresponding to these residues is identified in the y-ray 
spectra of the angular distribution data. Thus, those residues 
are not likely to be populated via eidier complete or incomplete 
fusion processes. In direct reactions, the ejectile takes avray a 
large friiction of the energy; hence, the residues formed may 
have ranges much smaller than those of residues formed by 
CF and/or ICF processes and may be trapped in the thulium 
layer. 
V. CONCLUSIONS 
Excitation functions for the reactions "A1("0,2an)^Cl, 
^^AK^O, 3a3/»)"Mg, "Al("0,3a3pn)"Mg, "Al("0, 
4or2/)n)"Na, and "Al(">0,4<»3p)"Ne produced in the 
'*0-I-"A1 system have been measured in the energy range 
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!«58-94 MeV. Theoretical calculations based on three different 
computer codes have been catried out using well-accepted 
parameters. The codes PACE2 and CASCADE used in the 
present work are based on Hauscr-Feshbaeh theory for 
compound nucleus calculations; however, the code AUCE-91 is 
based on the Weisskopf-Ewing model for compound nucleus 
calculations and the geometry-dependent hybrid model for 
simulating preequilibrium emission. Though preequilibrium 
emission may have considerable influence on the measured 
cross sections at relatively higher energies, even the Al-lCE-9! 
calculations which include preequilibrium emission are not 
found to reproduce the experimental data. The present analysis 
indicates that the residues ^^-^'Mg, •^'Na, and '*Ne are not 
populated either via complete or incomplete fusion processes, 
because theoretical calculations based on all these codes 
give negligible value of cross sections for their production. 
At present, we have no satisfactory explanation for the 
observed high cross sections for these channels; however, 
Landenbaurer-Belliser a/. (I31haveattributed their production 
to a direct reaction mechanism. From the study of the angular 
distributions of these residues, we have concluded that in 
the case of complete fusion, the residues are emitted in the 
forward cone along the beam direction; while for incomplete 
fusion, the recoiling residues emerge at relatively large angles 
with respect to the beam direction, as expected. As such, 
angular distributions of residues with respect to the beam 
direction may also provide complementary information about 
the complete and incomplete fusion processes. The analysis of 
angular distribution data has clearly indicated the significant 
contribution of the ICF process in the " A l C ' O . 2£»M)^C1 
reaction. 
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In order to study the energy dependence of in-complete fusion processes, the recoil range dis-
tributions for the reactions; '•"ni("'0, xn), '" ' l i (" '0 , pxn), ' " l i ( " ' 0 , an), ' " l ^ ( " ' 0 , Q2n), 
" " l i C O , a3n) and ""ni{"'0, 2a3n), have been measured at w81, 90 & 96 MeV beam energies. 
The disentanglement of the complete and in-complete fusion processes have been done in terms of 
full and partial linear momentimi transfer from the projectile to the target nucleus. The measure-
menu have been done using recoil catcher technique. The experimentally measured forward recoil 
range distributions have been interpreted in terms of break-up fusion model. Detailed analysis of 
the data indicates that in-complete fusion processes have significant contribution at energies as low 
as aiS MeV/nucleon and their contribution is found to increase with energy. 
PACS numbers: 25.70. Jj., 25.70. Gh. 
I. I N T R O D U C T I O N 
The study of the dynamics of heavy ion (HI) collisions 
involving asymmetric nuclei at energies around the 
Coulomb barrier (CB) has been a topic of interest in 
recent years. In recent experiments[l-5) heavy residues 
populated by complete fusion (CF) with ftiU momentum 
transfer and due to in-complete fusion (ICF) with partial 
momentum transfer have been identified. Each of these 
processes leads to the characteristic velocity distribution 
of the reaction products. As such, the measured yield of 
a particular isotope as a function of velocity or rather 
the range of residues in a stopping medium helps to 
identify the origin of the observed reaction products, 
The in-complete momentum transfer events referred 
to as in-complete fusion (ICF) reactions[6, 7) can be 
understood on the basis of disappearance of pocket in 
the one-dimensional inter-nuclear potential energy as 
the angular momentum increases. In order to reduce the 
effective angular momentum of the composite nucleus 
(ON) and to restore a pocket in the inter-nuclear poten-
tial energy, as the entrance channel angular momentum 
is increased, an increasing factor of the projectile may 
escape and carries away some of the angular momentum. 
Since, a portion of the projectile is not captured by 
the target, there is a deficit in the linear momentum 
of CN, when compared with the projectile momentum. 
An in-complete linear momentum transfer (LMT) event 
may be observed directly from the measurement of 
the velocity/range distribution[8-10] of the residues. 
'Electronic address: dpBinghl9Cgmail. COB 
'Electronic address; bpsinghamuCgmall.com 
The model of Siwek-Wilczynska[6, 11) assumes that 
the maximum angular momentum {(cru), associated 
with complete LMT, is given by the disappearance of 
pocket in the one-dimensional inter-nuclear potential 
energy and does not take into account angular momen-
tum dissipation in the entrance channel. Due to the 
localization of this process in ^-space, there is a strong 
co-relation between the captured mass and the angular 
momentum/excitation energy of the heavy residue. This 
prediction lay at the root of the angular momentum 
dependence of the ICF reactions[ll]. 
Though, the ICF reactions have been extensively 
3tudied[12-14|, nevertheless, no clear picture of the reac-
tion dynamics has followed. With a view to understand 
various ICF processes, a variety of dynamical mod-
els/theories, like the Break-up Fusion (BUF) model(15), 
Hot-Spot model[16]. Promptly Emitted Particle (PEP) 
model[17-20), the EXCITON model[21], SUMRULE 
model[22] etc., have been proposed to explain ICF 
reaction dynamics. It may be pointed out that, though, 
these models predict the ICF reaction cross-section 
at E >10 MeV/nucleon, but none of these models is 
suitable to predict the ICF processes at energies s55-7 
MeV/nucleon. At present, it is well recognized (1, 23-27) 
that the ICF reactions begin with the CF reactions at 
moderate energies. Some of the recent studies(28-32) 
showed the onset of ICF processes just above the CB. 
Several extensive studies |4, 23, 29-39] based on excita-
tion function (EF) and recoil range distribution (RRD) 
measurements are available. However, the energy de-
pendence of ICF reactions is still lacking. In the present 
work, to understand the ICF reaction dynamics and to 
study its energy dependence, the RRDs of the CF and 
ICF products in " 0 - t - ' " T a system at the beam energies 
« 81, 90 & 96 MeV have been measured. The present 
work is in continuation to our recent investigation[40J on 
the same system, where the measurement and analysis 
of excitation fiinctions has been used to investigate the 
role of break-up processes. A detailed description of 
the experimental set-up etc., is already presented(40], 
however, for the sake of completehess a brief description 
of the experimental methodology is given in section II. 
The details of the measurement of RRDs are described 
in section III and finally the conclusions drawn from this 
study are presented in section IV. 
II. EXPERIMENTAL DETAILS 
The experiments have been performed, using energetic 
"0''+ ion beams delivered from the 15UD-PeUetron 
accelerator of the Inter-University Accelerator Center 
(lUAC), New Delhi, India. Although, the methodologi-
cal details are somewhat similar to those already given 
in our earlier worksl32, 40], however, for quick reference, 
a brief description of sample preparation, irradiations, 
post-irradiation analysis etc.) is giyen here. 
In the present wprk, the isotopically pure sample of 
"'Ta (abundance =100%) of thickness «150 <ig/cm' has 
been deposited by the electro-deposition technique on 
Al-foils of thickness sal.1-1.5 mg/cm'. The thicknesses of 
the samples have been determined by the oi-transmission 
method. The samples have been pasted on rectangular 
Al-holders having concentric holes of 1.0 cm diameter. 
The irradiations have been performed using an '"O''"'' 
beam in the General Purpose Scattering Chamber 
(GPSC) which has an invacuum transfer facility (ITF). 
In each irradiation, stacks of thin Al-catcber foils (with 
the total thickness sufficient to stop ON formed via full 
LMT) have been placed just after the target, so that 
the heavy (slow) residues populated via CP and/or ICP 
could be trapped at various catcher foil thicknesses. The 
target, ^'^li has been mounted in such a way that the 
Al-baddng first faces the beam so that the recoiling 
nuclei, if any, of very short range, does not stop in the 
target thicktless itself. The beam energies provided by 
accelerator, in three sepwate irradiations were 85, 94 & 
100 MeV, so that after an energy loss of a 3.7, 3.9 & 
3.5 MeV in the target backing, the incident energies on 
the targets are estimated to be respectively 81.3, 90.1 
& 96.5 MeV. The irradiations have been carried out for 
the duration of Ril2 h, with a beam current al pnA. 
After irradiation, the stacks of the samples as well as 
Al-catchers were taken out of GPSC using an ITF. The 
activities produced in each Al-catcher foil of the stacks 
were counted separately using a high purity germanium 
(HPGe) spectrometer of 100 c.c. active volume coupled 
with the CAMAC-based F R E E D 0 M [ 4 1 1 software. The 
spectrometer was pre-calibrated both for energy and 
efficiency using standard 7-sources like °*'Co and "'Eu. 
The resolution of the 7-spectrometer was found to be 
«s2 keV, for 1.33 MeV -y-ray of ^Co source, during the 
counting of the samples. A list of the radio-nuclides 
populated in '*0-^"'Ta system, the energy of identified 
7-rays used for the decay-curve analysis along with their 
branching ratios are given in our earlier work on the 
same system(40]. The evaporation residues (ERs) pop-
ulated via OF and/or ICF are supposed to be trapped 
at different catcher foil thicknesses, depending on the 
recoil velocity and/or the degree of_ LMT of projectile 
associated with the mode of form'atiori. • The 7.-ray , 
spectra of each foil have been recorded at increasing 
times so that the decay curve analysis can be done to 
verify the half-lives and identification of the residues. 
The measured half-lives of the residues were found to 
be in good agreement with the literature values[42J. A 
FORTRAN program EXPSIGMA based on the standard 
f6rmulation[43] has been used for the determination of 
the production yield of evaporation residues in different 
catcher foils. 
In the present work, the production probabilities 
of "<Tl(3n), "=>Tl»(4n), "^Tl(5n), '83Hg9,m(p3„)_ 
'"Hg(p4n), "»Hg!'.'"(p5n), i"Au''(an), "'Au9(tt2n), 
'°°Au'(a3n') and "*Ir9(2a3n) nuclides produced in 
the "0-1-'^ 'TVi system have been measured at different 
catcher foil thicknesses to estimate the RRDs. In 
general, a residue populated via a specific channel, 
often emits several 7-rays of different energies. The 
cross-section for a channel has been determined from 
the measured intensities of several characteristic 7-rays 
and the final value is taken as the weighted average 
of cross-sections obtained for these 7-rays[44]. The 
production yield of different reaction products have been 
deduced by normalizing the experimentally measured 
production cross-sections with the respective catcher foil 
thicknesses. In order to generate RRDs, the normalized 
yield of a individual reaction product has been plotted 
as a function of cumulative catcher foil thicknesses. The 
sources of uncertainty are already described in Ref.|401. 
III. ANALYSIS OF FORWARD RECOIL RANGE 
DISTRIBUTIONS 
The degree of the linear momentum traiKfer {PCMT) 
from the projectile to the target nucleus is the basis 
of recoil velocity of the reaction products, which may 
be used to differentiate the OF and ICF processes. As 
already mentioned, PLMT 'S proportional to the fused 
mass of the projectile, i.e., maximum LMT gives rise 
to maximum recoil velocity to the reaction product. In 
the CF process, the maximum ^LMT from the projectile 
to the target nucleus is expected. For a given entrance 
channel the CN has pre-determined mass, energy and 
linear momentum. In case of ICF, partial PI.MT leads 
TABLE I: Gxpnimentolly mcuuicd forwud ncnl »ngu Rp{,z,) deduced Ctom RRD curves, and theontic&Uy c&tcuUted most 
probable mean ransee i{p(ik«) fot CF component* at a> 81, 90 it S6 MeV, utinf the range energy relation[45| for the reaction 
product! produced In the Interaction of "O with "'1W. 
- Bnctcy (E)n 81 M«V Bneror (E)n 90 MeV Energy (E)=. 96 MeV 
Reiiduet 
( / i « W ) (w /cm' ) (p»/cm') (/ij/cm') (M/cm') ( W c m ' ) 
'"Tl(Sn) iU:^M aiir 275147 24Y iMl4& 298 
"»Tl>(4n) 3e0±77 267 254139 287 288167 288 
'»'Tl(5n) 244158 267 255131 387 264175 398 
'•'iVCpSn) aeidbsa 367 357175 387 290152 298 
'"Hg-CpSn) 276±7S 367 370160 387 293151 ^98 
'•>Hg(p4n) 353i:61 367 282157 287 291180 298 
'•'Hg'(p5n) 376147 367 256147 287 377150 298 
'"Hg-'Cpbn) 340153 267 230165 287 387169 298 
TABLE 11: Experimentally meaiured A,(. 
at w 81. 90 & 96 MeV 
,f) deduced from RRD curve* and theoretically calculated A,(ih.) for ICF component* 
Rr{-p)M/em' il,(ui.)M/em' /i,<„,)PB/cm' «,(ii,.)Pe/cin' Ii^..,)Mjem' R^.K.iM/cm' 
(CFof'O) (CFof'*0) (ICF of "C) (ICF of "C) (ICF of'Be) (ICF of'Be) 
Energy (E}n 81 MeV 
»»»Au»(on) 
'"Au'(o3n) 
"»Au'(o3n) 
"»Ir*(2a3n) 
Energy (EJ* M M.V 
'•»Au«(on) 
'"Au»(a3n) 
'"Au'(a3n) 
"'Ir'(2a3n) 
Energy (E)n 96 MeV 
275160 
256148 
2831S0 
3S8138 
267 
367 
267 
367 
145137 
165127 
181132 
183113 
198 
198 
198 
198 100127 108 
286137 
381143 
282135 
262140 
287 
287 
287 
287 
168120 
170137 
196125 
166127 
215 
215 
215 
215 70121 117 
'"Au'(on) 
'»'Au'(o2n) 
"<'Au«(o3n) 
"*Ir'(2a3n) 
290147 
394145 
286151 
290150 
298 
298 
398 
298 
200135 
204143 
213135 
213123 
227 
227 
227 
227 121121 122 
to the formation of an in-completely fused composite 
system in excited state. For an in-completely fused 
composite system, the following quantities viz., mass, 
energy and momenta of CN may not have unique values. 
This may be because of the fluctuations in the fused 
mass from the projectile to the target nucleus. The 
experimentally measured forward recoil ranges of final 
reaction products in the stopping medium may give an 
indication of the PLUT involved. As such, the radio-
nuclides populated via a lower degree of LMT, show 
relatively smaller depth (momentum transfer compo-
rxent) in the stopping medium as compared to the entire 
LMT populations. For a different PLMT, the residues 
may have different recoil ranges in the stopping medium. 
Therefore, the forward recoil range distributions may be 
used as a probe to investigate the partial fusion of the 
projectile in ICF processes. The normalized yields of 
different reaction products have been generated for the 
residues viz., ""Tl, '»'T\, «"T1, '"Hg«, '"Hg", "'Hg, 
'»'Hg*, ""Hg"-, '"Au«, ""Au«, "»Au« and '"Ir* and 
plotted as a function of cummulative catcher thickness. 
However, as representative cases to show different PCMT 
components in various CF and ICF processes the RRDs 
for '"Hg(p4n), '"Au»(o2n) and '««Ir»(2a3n) residues 
have been presented in Figs. 1-3, at three different 
beam energies each. The size of the circles, in Figs. 1-3, 
includes the uncertainty in the yield values. As can 
be seen from these figures, the measured RRDs clearly 
indicate the different momentum transfer components, 
depending on the fused mass of the projectile with the 
target nucleus. 
In case of p4n channel (Fig.l), the measured RRDs 
show only a single peak, at all the three bombarding 
energies, indicating only single linear momentum trans-
fer component (a characteristic of CF process) involved 
in the production of ""Hg. A close observation of the 
range distribution of '"Hg (Fig. 1) reveals that FRRDs 
peaks at relatively higher cumulative catcher thickness 
as the beam energy increases. It is simply because the 
LMT increases with beam energy. F\irther, it may be 
pointed out that, the neutron emission from the recoiling 
25 
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FIG. 1: ExperimentAlly meaAurcd forw&rd recoil range dlstri-
buliont Cot '"Hg^pAn^ »t ptoj«ctil« enecpe* at aj 81, 90 & 96 
MeV, 
FIG. 2: (Color online) Experimentally meMured forward re-
coil range disttibulions for ' "" Au(a2n) at projectile energies 
« 81, 90 t 96 MeV. 
nuclei may change the energy/momentum of the recoiling 
nucleus, depending on their direction of emission. This 
may be reflected in the width (FWHM) of the experimen-
tally measured recoil range distributions. The width may 
also arise due to the contribution from straggling effects. 
The identified reaction products and their experimentally 
measured most probable FRRDs, fip(«p), for all the CF 
residues along with the theoretically estimated (using the 
cod« SRlM^ASj) mean ranges Hy i^ht^ , are given in Table I, 
The most probable recoil ranges have been theoretically 
calculated, assuming that; in case of CF, the incoming 
ion completely fvises with tHe target nucleus and trans-
fers its total linear momentum to the fused system, which 
recoils, in order to conserve the input linear momentum. 
On the b^is of 8.bov« description, it may be mentioned 
that the population of reaction products ' " H g populated 
via p4n chtuinel is associated with the entire LMT from 
projectile to the target nucleus, and may be represented 
as; 
»«0+'»'Ta lOTipj' ' i f g + p4n 
In the similar fashion, the RRDs for the residues '°*T1, 
103^, iflJTi_ '"Hg", '"Hg"", ' ' 'Hg" and '"Hg"" are 
found to have single peak associated with complete linear 
momentum transfer from projectile to the composite 
nucleus, indicating their production via CF process only. 
Farther, in case of reaction channels {an), (a2n) and 
(a3n) where, the residues ^*^Au', i«^Au» and i*iAu» 
are populated, each of the FRRDs are found to have 
two peak structure. The observed FRRDs were resolved 
into two peaks, with Gaussion peak fitting option of 
ORIGIN software, one corresponding to the complete 
momenfvim transfer events and the other corresponding 
to the fusion of ^^ C (il ^*0 breaks into '''C + a; and 
" C fuses) with " ' T i . As a representative case, the 
FRRDs for the residues, " ' A u ' have been plotted at 
three different energies and are shown in Fig. 2. As can 
be seen from this figure, the PRRJDs in this case may 
be resolved into two Gaussian peaks (also in case of all 
other axn channels), indicating the presence of more 
than one linear momentum transfer components, one 
associated with the fusion of " O and the other due to 
the fusion of " C . From Fig.2, it may be observed that 
. for the residues " ' A u ' , there are two linear momentum 
transfer components one having mean ranges at 256±38, 
281±43 U 294±45 ^g/cm'' at cs 81, 90 &: 96 MeV 
beam energies (indicating fusion of " O ) and *t 155±26, 
170±25 U 204±30 tig/cni' (indicating fusion of "C) at 
the respective three energies. U may also be observed 
hom the Fig. 2, that the peak value of the ranges 
i.e., Rf(exp) shifts towards higher cumulative catcher 
20 I I I I I I I I I I I I I > I > I r I 11 I 11 I I I ) I 
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FIG. 3: (Color online) Experimentally measured forward re-
coil range dittributioni for "''Ir(2o3n) at projectile energies 
» 81, 90 Ji 98 MeV. 
thickness as the beam energy increases, as expected. 
It can be inferred that the residues " ' A u ' populated 
through " 'TS( '*0, Q2n) channel have the contributions 
from both the processes viz., CF and ICF. The residues 
'"Au» may be populated via CF and/or ICF channels 
i.e., via, 
(a) Complete fusion of '*0 as; 
iftQ ^ m y a ^^ i»7j>j. ^ ^ « M u ' ' + a + 2n; 
(b) In-complete fusion of ' ° 0 as; 
i«0("C+Q) -I- " T o = » " M u * 4- a 
(spectator) 
'" / lu* = » '"Mu" + 2n 
The rneasured ranges for the channels (an), (o2n) and 
(Q3n) via CF and ICF processes as mentioned above are 
presented in Table II, and are found to agree reasonably 
well with those calculated using code SRIM, on the basis 
of break-up fusion model. In these calculations, it is 
assumed that no energy is lost during the break-up of 
the incident ion. In these reactions a-particle essentially 
act as spectator during the reaction, so that linear 
momentum transfer of the residue is reduced to 3/4 of 
20 
15 
5IO 
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FIG. 4: (Color online) The percentage in-complete fusion 
fraction (FICF) deduced from the analysis of forward recoil 
range distributioiu as a function of normalized projectile en-
ergy. Data shown by triangle is obtained from the analysis of 
EFsl401. 
the CN value. Similarly, it may also be assumed that 
" O may break into 4 a fragments, two a-particles may 
fuse with the target nucleus and the remaining two 
may escape without any interaction. One such case has 
been observed in the present work where '*'lr»(ri/3 
= 16.64 hrs), residues are produced via 2Q;3n channel. 
The measured FRRDs for residues '**Ir' is shown in 
Fig. 3. As can be seen from this figure, the FRRDs may 
be resolved clearly into three Gaussian peaks, indicating 
the presence of more than one linear momentum transfer 
components associated with the CF of " 0 and ICF of 
" C and 'Be.' FVom this figure, it may be resolved that 
for the population of "*Ir ' residues, at the energies 
of interest, may take place via all the three linear 
momentum transfer components. The peaks at ranges 
258±38, 262±40 & 290±44 Mg/cm' at = 81, 90 k 96 
MeV energies, respectively, may be attributed to the 
fusion of " O . The ranges at 183±27, 166±25 & 213±30 
/Jg/cm' (fusion of "C) and 100±15, 70±10 & 121±18 
tig/cm? (fusion of 'Be) at the respective energies have 
also been observed. As such, it can be inferred that 
the residues ' " I r" produced through " ' T a ( " 0 , 2a3n) 
reaction channel have the contribution from both the 
processes namely, CF as well as ICF, which may be 
represented as due to; 
(a) Complete fusion of " O i.e.. 
I I I I I I I I I'T I I I I I I I I I I > I » I 
"'Taro,a2n)'*'Au' 
:--*--Fusion of "c 
— A- Fusion of 'B» , , , - ' ' 
••I I • • • I I • I • • ' ' t • ' 
10' 
75 80 85 "90 95 100 
E^(MeV) 
PIG. 5: (Color online) Relative ttrengths of th« contributions 
coming from CF and ICF of "O with ""IV at projectile 
energies «s 81, 90 & 96 MeV for the production of raiduea 
""•Au(a2n) k '""IrCJaSn). The lines joining daU points 
are just to guide the eyes. 
lOQ +i8ixa = * '"TJ* =*• '"/r** + 2a + 3n; 
(b) In-complete fusion of "O i.e. 
'"OC'C+a) + '"To "Mu* + o + 3n 
(spectator) 
(c) In-complete fusion of " 0 i.e 
»"0(»Be-l-"Be) + '»'Ta 
i«»/r* = > '"Ir" + 3n 
i8»jr« + 2Q 
(spectator) 
In case of ICP, it is assumed that, the incident "O 
ion breaks into fragmenU (e.g., "C & o or »Be k 'Be), 
as it enter* in the nuclear Held of target nucleus. The 
fragments so produced are assumed to move with the 
velocity of the incident ion. One of the fragments ("C 
or 'Be or a) (xaa with the target nucleus forming a 
composite system, which recoils in the forward direction 
to conserve the input linear momentum. It may be 
pointed out that the events due to fusion of single 
a-particla have not been observed In the present work. 
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FIG. 6: (Color online) ICP contributton of different Au iso-
topes produced in "0+'"Tii tystem at projectile energies «> 
81, 90 & 96 MeV. The lines joining data points are just to 
guide the eyes. 
In order to study the energy dependence of CF (full 
LMT) and ICF (partial LMT) components, percentage 
relative oontributions[32| of the CF and ICF components 
are deduced using the relation, 
FiCF = 
^ICF 
SffCf + ^ICF 
xIOO (1) 
where, ^cF '"d ^icF "« 'he sum of cross sections 
(for all the measured xn, pxn, axn and 2axn channels 
obtained from the analysis of FRRDs) of CF and ICF 
processes, respectively. 
The relative contribution of CF and ICF in the produc-
tion of» particular reaction product may be computed by 
fitting the experimentally measured RRDs with Gaussian 
peaks using the ORIGIN software. The yield curvM of 
evaporation residues obtained from RRDs are assumed 
to be Gaussian In nature and may be given as; 
(2) 
where, Rp is the moet probable mean range, WA is the 
width parameter (FWHM) of the RRD, and A is the 
area under the peak. 
The value of the x' was minimised in (he present 
analysis using a non-linear leut-square fit routine, 
keeping the width (U>A) >* ^ M parameter and most 
probable mean range [Rp) has been kept at the peak 
position from the RRD data. As such, only the width 
remains as a free parameter. Moreover, as indicated 
in Figs.2-3, the residues show more than one RRO 
component. In such cases, the experimentally measured 
normalized yields have been fitted using the multi-peak 
option in a similar way as mentioned above. It may, 
however, be pointed out that choosing the width of 
Gaussian peak as a free parameter may Influence the 
relative contributions derived from the figures. In the 
present work the minimization of x' and selected values 
of FWHM for the peak in complex RRD data were 
found to fit the experimental data satisfactorily. In the 
present work an attempt has been made to disentangle 
the CF and ICF contributions by fitting the FRRD 
with Gaussian constrained at a range expected for full 
momentum transfer to estimate their relative contri-
butions. The percentage ICF contributions of different 
fusion components have been obtained by dividing 
the area under the ICF peak of the corresponding 
fusion component by the total area associated with 
the experimental data employing equation (1). The 
values of F/CF deduced from KJF data are plotted as 
a function of normalized beam energy (Etesm/CB) in 
Fig.4. As can be'seen from this figure that the ICF 
fraction increases with energy rapidly at lower energies, 
however, at relatively higher energies the FICF seems 
to move towards saturation. Further, extrapolation of 
the curve in the lower energy region clenrly indicates 
the onset of ICF processes even at energies very close to 
CB i.e., from % 5 % above CB. It may be pointed out 
here that the FICF given in Pig. 4, presents the lower 
limit of in-complete fusion contributions as several other 
ICF channels could not be measured due to their short 
half-lives, and/or low intensity 7-lines of the residues. 
It may not be out of place to mention that similar 
observations of ICF contributions increasing with energy 
and mass asymmetry have been obtained in several 
papers|9j by Morgenstem et. al. However, their work 
involved measuring the velocity spectra employing time 
of Right method in lighter systems and also at relatively 
higher energies 8:10-25 MeV/n. 
F\irther, to understand the variation of CF and ICF 
contribution with energy in the individual reaction 
channels, the relative percentage contribution for CF 
and ICF processes for a2n and 2a3n are plotted as a 
function of laboratory beam energy as representative 
sets. As can be seen from Figs. S(a U b), that as the 
energy increases, the CF contribution goes on decreas-
ing. However, ICF contribution (fusion of "C) increases 
with energy. F\irther, the contribution due to the fusion 
of 'Be, observed in case of 2a3n channel also increases 
having almost similar percentage contribution as that 
for "C fusion. From Figs 5(a tc b), it may be observed 
that the relative ICF contribution for an individual 
channel may be as large as s»SO% at 96 MeV, however, 
the overall ICF coDtributlon at this energy is around 
T% only (Fig. 4). Moreover, as already mentioned, the 
RRDs for the residues IM.I»I.IMAU» and '"Ir* also 
show peaks corresponding to the ICF of "C and/or 'Be. 
The experimental ICF contributions for these residues 
could not be compared with theoretical values as there is 
no satisfactory model which can give ICF contributions, 
fbltowiog our previous work we relate the Ap(exp) to 
the degree of LMT or mean evaporation residue velocity, 
by adopting the allowance for variation, of upto o 10 
% in the FWHM of FRRDs. It may 'be noted that ' 
de-convolution of complex range distribution of heavy 
residues into various ICF components due to FWHM 
variation is likely to aflfea the relative contribution by 
< 10 %. Flirther, Fig. 6 shows the ICF contributions 
of difietent Au isotopes at three different projectile 
energies. It may be observed from this figure chat Che 
production of ""Au' via ICF channel i^  nearly same at 
81, 90 & 9fi MeV. However, The production probability 
of "'Au' is largest at 90 MeV and smallest at 96 MeV 
with some intermediate value at 81 MeV. Further, a 
comparisco of production probability of iso.isi.isJ^u' at 
81, 90 and 96 MeV indicates that maximum prcxluction 
of '"'Au' is at 90 MeV and smallest at 81 MeV. However, 
at 96 MeV it has some intermediate value. The present 
data seems to be explained on the basis of BUF model 
assuming that as the Incident ion comes near the field of 
target nucleus, it may break-up into its fragments and 
one of the fragments may fuse with the target nucleus 
resulting finally into partial linear momentum transfer. 
The presently measured FRRD data clearly indicates 
that the momentum (mass) lost in case of ICF processes 
at the time of interaction preferentially originates from 
the incident beam nuclei. A more detailed particle 
7-coinddenca experiments for this system ("0+'"Ta) 
is proposed, to have better insight in the reaction 
mechanism and the associated /-values in case of CF 
and ICF processes. The SUMRULE model calculation, 
carried out for the present system, which allow the 
ICF processes only for < < iiru, underestimates the 
presently measured ICF cross-section data by few order 
of magnitude. As a typical example the experimentally 
measured cross-sections for (a3n) and (2a3n) channels 
are found to be a 64.0 ± 9.6 mb and 5.0 ± 0.7 mb, 
however, the theoretically calculated SUMRULE value 
are 1.32 xlO-'mb and 3.02 xlO"' mbat 81 MeV beam 
energy. These discrepancies indicate the deviations from 
the assumptions of the model. Similar deviations have 
also been found by Parker et. al.,|l| in their study 
on »C-f*'V system upto 100 MeV. The SUMRULE 
model assumes a sharp cut-off (-values for CF and ICF 
processes. However, the present findings indicate a dif-
fused boundary which may penetrate close to the barrier. 
8 
rv. CONCtUSIONS 
The recoil ranee distributions for thirteen residues: 
iMTi, i93»Ti, ii>?T,_ i»3Hg», "»Hg". '"Hg. '»iHg», 
""Hg", '»»Au«. '»»Au«. i^Au' and '"Ir* produced 
in "O+^'Ti system, at w 81, 90 t 96 MeV beam 
energies have been measured. The measurement and 
analysis of the FRRDs of reaction products presented 
in this paper strongly reveal a significant contribution 
from the partial LMT of the projectile associated with 
ICF in several a emitting channels. Different partial 
LMT components are attributed to the ''C and/or 
*Be transfer from the "O projectile to the target 
nucleus. An attempt has also been made to obtain the 
relative contribution of CF and/or ICF components. 
•The percentage ICF contributions are found to have an 
onset from » S% above CB. It has bean found that, 
in general, the residues are not only populated via CF 
but ICF is also found to play an important role in 
the production of different reaction products involving 
direct a-cluster emission at these energies. However, in 
the case of '"Au«, '"Au», '*'Au» and »»*Ir» residues, 
the RRD data clearly indicate \hat the ICF reaction 
mechanism is dominant at the energies of interest in the 
present work. The restilts obtained indicate that the 
forward recoil range distributions of the rendues can be 
an extremly valuable information for establishing the 
CF and ICF yields at relatively low bombarding energies. 
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